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I. INTRODUCTION 


In this time of dwindling natural resources and increased global conflict, more and more 
people are looking to space for solutions to the problems that b^et mankind. It is no coincidenee 
that the most popular TV series, the most popular movie, and the largest sellit^ category of books 
deal with the exploitation and exploration of space. Conflict between nations is driven primarily 
by economic forces; the need for raw materials, for more land to accommodate growing 
populations, for more energy. Space offers unlimited sources of energy and raw materials and can 
be adapted to accommodate a vastly expanded human population. There is a growii^ realization, 
especially in industrialized nations, that mankind must develop the resources of space or face his 
own extinction. 

The satellite power system (SPS) program represents a major step forward toward utilizing 
the resources of space to supply man's energy needs. In the twelve years since the SPS was first 
proposed a considerable amount of study and evaluation has been undertaken. To date no major 
problems have been uncovered which would make the concept unfeasible. . Instead additional 
alternatives have been proposed for energy conversion in space and for energj' transmission to 
Earth. The scope of the SPS program is enormous. The idea of building miles-long satellites in 
geosynchronous orbit and beaming converted solar energy to earth for introduction into the 
electrical power grid staggers the imagination. SPS is now considered seriously by much of the 
technical community and many political leaders as a viable future candidate for generating lart,' 
arnounts of electric power. 

In 1977 a four year study, the Concept Development and Evaluation Program, was initiated 
by the U.S. Department of Energy and the National Aeronautics and Space Administration. As 
part of this program, a series of peer reviews were carried out within the technical community to 
allow available information on SPS to be sifted, examined and, if need be, challenged. The SP'J 
Energy Conversion and Power Management Workshop, held in Huntsville, Alabama, February 5-7, 
1980, was one of these reviews. The results of studies in this particular field were presented to 
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an audience of carefully selected scientists and engineers. This first report summarizes the 
results of that peer review. It is not intended to be an exhaustive treatment of the subject. 
Rather, it is designed to look at the SPS energy conversion and power management options in 
breadth, not depth, to try to foresee any troublesome and/or potentially unresolvable problems 
and to identify the m<»t promising areas for future research and development. Workshop 
participants are listed in Table 1.1. 

J. Richard Williams , Ph.D. 

Workshop Chairman 
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2. PHOTOVOLTAIC CONVERSION 


2.0 Introduction 


The work in the preceding SPS studies and the proposed GBED program, to be conducted 
until 1986, have been reviewed as far as they relate to the photovoltaic approach to the Energy 
Conversion System for SPS. The examination was carried out with the viewpoint that the SPS will 
be a cost effective ehictrical power source in competiti<Hi with fossil and nuclear fueled base-load 
plants, as well as with various typ^ of future terrestrial solar photovoltaic power systems. The 
attainment of a set of certain des^ parameters for the conversion system is critical to assuring 
this competitiveness, and the proof of the feasibility of attaining these design parameters at the 
earliest po^ible time is therefore important. Consequently, the plaimii^ of the GBED program 
has been examined primarily for its potential of permitting the evaluation of the most important 
feasibility conditiems by the end oi this program (1986). 

It has been found that a number of important design parameters are interdependent, 
particularly those involving the photovoltaic array, and that only the concommitant attainment of 
acceptable levels of all these parameters can serve as demonstration of feasibility. Examples are 
cell efficiency, thickness, and radiaticn resistance. Also, certain tasks can be meaningfully 
carried out only in sequence. Thus, the development of suitable candidate cell/blanket designs 
meeting the combined performance/mass/life design parameters, u" verified in ground tests, 
should precede space certification testing, as well as the development o’" manufacturing methods. 

2.1 Critical Issues 

The following items have been determined to be critical issues which require primary 
attention is the GBED program: 
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2.1.1 Resource Issues 


1 
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2. 1.1.1 Gallium Arsenide Alternative ; 

• Gallium availablity does not appear to be a limiting factor for the ”year 2000” time 
period, based on studies done to date by Rockwell 

• Contact metallurgy must be changed to use of non-noble metals. Alternatives appear 
to exist in ade<juate supply 

• Sources of metalorganic starting materials are inadequate now, but should be available 
when needed (This is a processing industry capacity problem) 

2.1. 1.2 Silicon Alternative ; 

• Contact metallurgy of ^ace power ceils must be changed to the use of non-noble 
metals, but work on this problem is already part of the terrestrial program 

2. 1.1. 3 Summar-' 

■ , ■ —I t, 

• There arc no resource critical issues needing solution or study in GBED 
2.1.2 Performance Demonstration Issues 


2.1. 2.1 Gallium Arsenide Alternative : 

• Existence of a suitable film -type solar cell 

• Supporting element for the cell 

2 

• Demonstration of 1£% efficiency (AMO) in a cell 10 microns or less thick and of 10 cm 
area or greater, on a thin, large arc**, potentially inexpensive substrate that is capable 
of p .eting SPS weight and cost goals 



• As a milestone to the above point, achievement of 16% efficiency in an adequately 
similar cell/substrate/cover structure within 2 years to permit starting of stability 
tests 

• Development of cells with contacts that are ’’weldable" and the use of non-noble and 
ncm-magnetic metals (trace use of noble metals is acceptable) 

• A<^ievability of 16.2% eid-of-life efficiency after 30 years, which requires radiation 
resistance oe annealii^ 

• Preliminary manufacturability studies to show that the developed blanket structure is 
not incompatible with SPS cost goals 

2.1.2.2 Siliccm Alternative ; 

• Demonstrati<xi of 16% efficiency (AMO) in 50 micron thick cells of 25 cm^ or greater 
area capable of meetii^ the radiaticm resistance and/or annealing requirements for SPS 
within 3 years 

• Developmoit of weldable, non-noble, noii-magnetic contacts, capable of surviving 
annealing temperatures 

• AchievabiJty of 14.4% end-of-life efficiency after 30 yrars (increased radiation 
resistance or annealing) 

2.1. 2. 3 Blanket 

• Demonstrate a blanket design that is capable of meeting the SPS design goals (W/kg, T, 
compatible cost) 

2.1.3 PerfOTmance Stability Issues 

• Subject cells to a qualification test program with emphasis on a radiation damage 
anneal program (including critical evaluation and assessment) 



• Demonstrate anneaUng to 90% P^ql/Pq greater in GaAs and Si as function of: 

particle-typ>e, flux, temperature, concentration ratio, fatMricatitxi technique, and n/p of 
p/n cell type 

0 Develop and conduct an accelerated testing program to demcmstrate 30 year life 

O 

• Demwistrate that end-of-life blanket power densities of 300 W/m in the GaA:: 

2 

alternative and 150 W/m in the Si alternative are achievable (80% SPS gjal, Rockwell 
program) 

• Conduct basic research and solar ceU development programs to understand and 
eliminate (or at least reduce) radiation damage in Si emd GaAs 

• Plan and conduct synchronous orbit flight tests (may be after 1986) 

.1.4 Advanced Concepts Alternatives ; 

• DemcMistrate 25% efficient AMO thin film cascade solar cell and show a potential for 
35% efficiency 

• Investigate alternative advanced photovoltaic concepts leading to 50% conversion 
efficiency 

2.2 Recommendations for the GBED Phase 

• 'fhe use of concentration rat* ^ 1 with the silicon solar cells should be re-evaluated in 
light of recent cell developments which resulted in considerably reduced 
absori^tivity/emissivity ratios, permitting lower temperature operation 

• To permit evaluation of the impacts of potential changes in some cf the cell or blanket 
goal parameters which may result from the GBED program, the systems analyses will 
need to be expanded during the GBED period to provide sensitivity data 


• As a minimum, re^rdless of whether cff not other parts of this plan are carried out, the 
GBED program shmild adequately address the critical need for a space-worthy solar cell 
enca{»ulaticmA>lanket -support system 

• The SPS ^stem concept should be exposed to the technical community who will be 
chained with the resp<»isibility of designing and fatx'icatit^ this system. To accomplish 
this, there ^ould be a continuing series of peer review workshops during the GBED 
phase of the SPS program, utilizii^ experts from the various technology areas of 
pot^tial concern 

• Based on this very brief examinaticm of the challenges presented by the SPS concept, it 

is felt that the pressed GBED plan is not sufficiently detailed to allow a meaningful 

assessmoit of the viability of the SPS concept to be made in 1986. A modified GBED 
(^otovoltaic conversion plan, reflectii^ the above listed critical issues, is provided 

• Tlie goals outlined here for the GBED phase are rather ambitious, but necessary to 

p»mit assessment of SPS viability by 1986. ki order to accomplish what has been 

recommoided, funding levels well in excess of what is proposed for the present GBED 
program will be required. The time available did not permit preparation of any type of 
cost estimate. However, feelings hav'i been expressed that, in the best case, the 
needed funding might be a factor of three greater than planned so far, and, in the worst 
case, an order of magnitude greater 


2.3 Technical Discussion 


The nature of the problems in solar cell device development and in blanket development, the 
latter with its systems integration aspects, as well as the experience base of the experts present, 
were found to diffw substantially. Thus, these two aspects were considered separately in 
simultaneous sessiems, with several joint meetings for integration. 
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FIGURE 2.2.1 
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FIGURE 2.2.1 


RECOMMENDED GBED PHOTOVOLTAIC CONVERSION PLAN (Continued) 
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Notes (Figure 2.2.1); 

a. Development goal-: Cells on substrate material which is considered capable of becoming 
compatible, with base metal contacts (weldable, non-me^etic, co-planar). Cell stabilir^ 
tests to begin wh«i 16% AMO efficiency reached 

b. Cells with cover and substrate to be tested in GEO qualificatim test program, including 
thermal cycling, radiation dams^e/anneal, etc. Test contact integrity 

c. Development target 1986; Cells of thickness 10 microns or less on compatible substrate, 

2 

cell area 10 cm or greater, efficiency 18% or greater, with base-metal contacts (weldable, 
non-magnetic, oo-planar), with 16.2% 30 year GEO end-of-life capability, corresponding to 
300 W/m^ output 

d. Experimental modules to contain a small group of interconnected cells, otherwise similar to 
b 

e. Modest flight tests with experimental modules, to explore synergistic effects of GEO 
environment. To be flown piggy-bad< suitable spacecraaft with primary non-SPS-related 
mission 

f. To establish nature of radiaticm damage and annealing effects and to guide design of 
radiation resistant cells, both GaAs and Si 

g. To identify potential barriers to attainment of cost-goQiS 

h. To evaluate degree to which feasibility has been demonstrated 

1 . To demonstrate improvement from current 15% to 16% AMO efficiency by voltage increase 

2 

in 50 micron thick cells of area 25 cm or greater, base metal contacts (weldable, 
non-magnetic, co-planar) 

j. To develop cells capable of 14.4% 30 year GEO end-o,’-lifr capability, with annealing at 
300°C or less (150 W/m^ EOL output) 

k. Definition of a strawman-process and einalysis using SAMICS 
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The solar cell and blanket problems imposed by the requirements of SPS, and their potential 
impacts on the entire system design, were found to be extemely intricate. In l^ht of the existing 
technology base with silicon solar cell production and application on ^acecraft, and with 
successful power sy<;tem development and operati<m in GEO, a large amount of background 
information exists which permits examinaticm of many impcx'tant interactions and problems. 

As not all aspects of the precedii^ studies and the GBED plan relatir^ to the SPS 
photovoltaic conversi<m system could be dealt with in this quick review, the effort was 
concentrated on the more obvicHis points of potentially substantial impact. In many aspects the 
GBED program, as defined previously, adequately covered the required development. Those 
aspects will generally not be discussed here. 

2.3.1 Resource Requirements 

Based on a variety of studies supported by the DOE terrestrial photovoltaic program and its 
SPS program, it was concluded that the availability of gallium in the 1990-2000 time period does 
not appear to be a critical issue for SPS development utilizing GaAs solar cells. The gallium is 
contained in bauxite and is recovered from slag resulting from aluminum production. Currently, 
40% of its gallium content is extracted from the slag, but Alcoa claims that it can develop the 
technology to extract 80%. The conclusion is based on the amount of gallium needed for the 
production of thin film GaAs cells for SPS, under the assumption that only thin film cells would be 
aK>ropriate for SPS, and that SPS would be the primary user of such cells. Although the 
availability of cost-effective Ga may be in question and may require development of new 
recovery methods, it is not believed that this is a GBED related issue. It is a matter to be studied 
thereafter. 

There is a definite need to develop suitable contact metallization for both candidate 
photovoltaic devices. Present cell designs require geld or silver in quantities so large that 
SPS-required production might well exceed the metal production. In addition, strategic metals 
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such as Pt, Pd, and Cr are used in some designs. The use of alternate metals is thus necessary, 

O 

also in view of the escalating prices for these materials. For instance, 27 km of conductor area 
in a thickness of 2 microns, if made from gold, would require 990 metric tons of that material 
which would cost over $20 billion at current prices. This thickness may not even be adequate for 
i low resistance conductors on large area cells. Available low-cost metals, such as aluminum, 

I copper, and tin, are possible candidates. Development of contact systems usii% these metals is in 

{■ 

progress in the terrestrial photovoltaic conversion program (e.g., the LSA project). Although 
verification tests to ascertain life of these contacts have not been performed, non-solvable 
problems are not expected. Also, it does not appear that these non-nobie metals will be in short 
supply. 

Supply problems exist currently for specific chemical metalorganic compounds required for 
some of the newer GaAs cell fabrication processes. These problems are industry capacity 
problems rather than resource problems, and are expected to be of a temporary nature only. Thus 
there are apparently no critical issues related to the need for natural resources for the 
photovoltaic converters for SPS that would require analysis or solution in the GBED program, 
provided cell designs are adjusted properly. 

2.3.2 Solar Blanket 

The solar blanket issues are connected with the photovoltaic element, its interconnects, and 
the encapsulant, which is composed of the cell cover material and the blanket supporting element. 
The issues relate to the blanket design parameters, particularly the performance, the mass, and 
the operating life in the expected SPS GEO space environment. For the photovoltaic element, 
two alternatives are so far the principal candidates: a thin-film GaAs cell, and a thin single 
crystal silicon cell (Figs. 2.3.1 and 2.3.2). 
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PHOTOVOLTAIC ENERGY CONVERSION SUBSYSTEM 



SOLAR ARRAY CHARACTERISTICS 




*G<AIAs 

• OPERATING TSMP • 113»C 
(1 - 1M6%) 

• AREA, 2B.1 KM2 

SOLAR BLANKET 

• ARRAY OUTPUT, 9.94 GW 

• ARRAY VOLTAGE, 45.7 KV 

• BLANKET & CELL WEIGHT, 
7.41 X 10® KG 

CONCENTRATOR 


•CONCENTRATION RATIO (GEO) 2.0 

• 12.5 uM ALUMIZEO KAPTON 

• TOTAL AREA, 56.2 KM* 

•WEIGHT, 1.08 X 10® KG 


BLANKET DESCRIPTION 

20 (iM AI2O3 
INTERCONNECTS 81 
GRID CONTACTS 

03 - 05 fiM G«AlAt 

15 mM P type GjAi , 

4 6 |iM N TYPE GjA« 

.5 1 |iM OHMS CONTACTS 
13 ^MFEP 
25 fiM KAPTON 

6 12 (iM POLYMER THIN COATING 


MASS 

MG/CM* 


4.0 ' 

IL 

0.9 

25.25 MG/CM* 


E.O.L. POWER 
CR - 1.72 lE.O.L.) 


> KG/M*n 


Figure 2.3.1 The Rockwell (GaAs) Blanket Design 

Each 1 size panel is 70-30 microns thick, with an FEP-Kapton-Polymer sandwich layer 
as the mechanical substrate. The structural connection of the panels is not detailed. 
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- WODULE TO 
MODULE INTER 
CONNECTION 


/ / / — CELL-TOCELL 

/ / / INTERCONNFCTOR 

' / ^ GLASS COVERING ON BACK OF CELLS, 50 (jm THICK, 

/ ELECTROSTATICALLY BONDED 

^ — SILICON SOLAR CELL,6.48CM BY 7.44CM, 50 »;M THICK, TEXTURED TO 
PRODUCE OBLIQUE LIGHT-PATH, 2 O CM FOR HIGH EFFICIENCY. 

N AND P CONNECTIONS ON BACK 

CELL COVER OF 75 /jM BOROSILICATE GLASS, ELECTROSTATICALLY BONDtU IN HIGH-VOLUME 
EQUIPMENT, CERIUM DOPED TO GIVE ULTRAVIOLET STABILITY 


INTEflCWNECTORS: 12.5-;iM COPPER, WITH IN-PLANE STRESS RELIEF, WELDED TO CELL CONTACTS 


Figure 2.3.2 The Boeing (Si) Blanket Design 

Note the 1.059 m x 1.057 rn panel size, with 1.5 cm x 40 micron tape between panels providing the 
structural connection of the blanket. Peuiels are 175 microns thick glass-silicon-glass sandwiches. 
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ta many rejects, the parameters of performance, that is beginning-of-life (BOL) power 
output, of mass, and performance stability, which determines the useful operating life through the 
end-of-life (EOL) power output, are interrelated consequences of the solar cell and the blanket 
des^n, rather than readily separable, independent parameters. These parameters will, therefore, 
be discussed in conjunction. 

Those issues which are believed critical and requiring resoluti<m in the GBED program are 
identified. In many instances, the GBED program, as defined previously, adequately covered the 
required development. 

2.3.2.1 The Supporting Element 

A critical possibly '^how -stopping” competent of the photovoltaic system is the supporting 
element or encapsulant to which the active element, the photovoltaic cell is bonded (by deposition 
or by attachment). The encapsulation material has to provide the structural strength of the 
blanket and the shielding for the solar cells against the energetic particle radiation of space. 
Development of encapsulants with durability against bombardment by electrons and protons, 
ultraviolet radiation, and deep thermal cycling for a 30-year period is essential to the program. It 
is recommended that strong emphasis be given to the development of a suitable encapsulant 
material in the GBED program. 

2.3. 2. 2 Gallium Arsenide Solar Cells 

For the design of -hi:; type of cell, as it has been evolved for SPS, it is still necessary that 
the basic device technology be demonstrated. The goal of this GBED pra^ram should be to 
produce a GaAs based thin-film cell with 18% AMO efficiency with a thickness of 10 microns cr 
less, and with an area of 10 cm or more, fabricated on a thin, large area, potentially inexpensive 
substrate that is capable of meeting the SPS cost and weight goals. Relaxation of the current SPS 
efficiency goal of 20% for this cell structure is warranted in view of overall system 
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considerations. Although a very small GaAs thin-film cell with about 20% AMO efficiency has 
been demonstrated (Fig. 2.3.3>, such cells have not yet been made on thin substrates tiiat would 
allow the ceil to meet the o/erali mass requirement of SPS. Since extension of even the more 
advanced of the present GaAs cell technologies to the designs required (or proposed) for the SPS 
may involve considerable further development, the reduced SPS cell efficiency goal cited above 
constitutes a **easonable recommendation for achievement by the end of the GBEC program. 
However, it is recommended that sufficient emph'iPis and support be given to cell development so 
that, within two years, devices of 16% efficiency should incorporate all the critical elements that 
are expected for the 18% device. The intended uses of these lower performance coils are for 
various stability and lifetime verification tests, particularly radiation damage, environmental 
durability, and annealing characterization. 

It is also recommended that development of contacts be conducted that use non-noble 
metals. Although trace amounts of noble metals may be necessary, the primary 
current-conducting component of the cell contacts should not contain expensive metals such as 
Au, Ag, Cr, Pt, or Pd, some of which may also involve the problem of limited resources. Some 
potential candidates include aluminum, tin, copper and nickeL However, the suitability of these 
contact metals under expected space conditions must still be demonstrated. These materials 
should be essentially non-magnetic and should be "weldable." The term weldable is not intended 
to be specific, and includes any suitable technology for interconnection other than soldering. 
Also, co-planar back contacts on the cells are envisioned. Top/bottoni contacts cannot be ruled 
cut, but they would require the development of an innovative cell-to-cell interconnection 
technology to meet the 30-year lifetime goal. 

^ • 

Appropriate cost studies should be conducted throughout the GBED program to ensure that 
the total array structure (cell, contacts, encapsulant, interconnects) is capable of meeting the SPS 
cost goals with suitable development and scale-up. Although extrapolations to expected 
technologies may be required, it is believed that the costs so determined can yield important 
program guidance. 
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A final recommoidatiOT for GaAs solar cell development is that an end-of-life (EOL) 
efficiency of 16.2% be demonstrated tot the GaAs package for a 30 year equivalent combined 
radiation damage/oivironment exposure. The p^formance level selected allows a 10% loss in 
po*f<»mance, whidi is a little more than double the SPS projection, but is considered more 
realistic at thfe time. In this connection, it should be noted that significant uncertainties still 
exist relative to the effects of the different solar cell structures, and particularly the effects of a 
combined radiation environment, as well as to the degree and repeatability of performance 
restoration by annealing, e^ecially at relatively low temperatures. A fundame-ntal research 
program aimed at understanding the radiation damage and annealing effects, to scppcrt the ceil 
development effort, is therefore strongly recommended. It is anticipated that unexpected 
phenomena may appear during the ground-based environmental effects and life test programs, but 
these phenomena shcHild be amenable to solution in development efforts to take place after GBED. 

*.’.3.2.3 Silicon Solar Cells 

is recommended thpt a ,«?flicon solar ceil can be demonstrated with 16% minimum 
efficiency (AMO), with 25 cm or greater area, and 50 microns c«* less thickness. This 
performance level is about 8% below the SPS goal, but its achievement will require that an 
open-circuit voltage approaching the theoretical maximum be demonstrated. However, demon- 
straticm of the full 17.3% is not deemed necessary in the GBED program so long as the initial 
open- circuit voltage increase has been achieved. It is important to note that a variety cf solar 
cell structures that produce more than 90% of the maximum expectable effi^i. .icy have been 
produced, but that the radiation sensitivity of these structures will not meet the SPS goal. Thus, 
a substantial development effort backed up by radiation testing will be requ>e^ lOk these solar 
cells. 
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Devices capable of meeting the radiation resistance and/M* annealing requirements can 
probably be demcmstrated within three years from program start. However, the currently planned 
annealing at SOO^C appears rather impractical from the viewpoint of solar cell and blanket life 
requirements. Temperatures near 200°C appear more manageable. The achievement of either 
adeqmte radiation resistance for a P£q of 0.9 or greater after 30 years in GEO, or of an 
adet^ate annealing cspability in silicon at temperatures below 300^C, will require a fundamental 
research program aimed at understanding the effects occurrit^ in silicon during and after particle 
irradiation and heat treatments which lead to damage and/or annealing in the various solar cell 
structures. It is strongly recommended that such concomitant basic research be carried out with 
adequate effort to support the development of either a radiation hard cell or one that can be 
annealed at temperatures well below SOO^C. 

It is also recommended that a program be initiated to demonstrate for siiicrm cells an EOL 
efficiency of 14.4% for the 30 year equivalent radiation damage/combined environment tests 
described in section 2.3.2. 2. This level tdso represents a 10% decrease from the 16% efficiency 
previoi^fy expected as a rsult of GBED efforts, for the same reasons as outlined before. 

Finally, a program is recommended to develop a weldable, non-magnetic, non-noble metal 
contact system capable of withstanding the annealing temperatures without failure. Although the 
development of non-noble contacts is in progress in the terrestrial photovoltaic program, the 
n<m-magnetic property is not required there, and the weldability is only of peripheral interest. 
Consequently, the contact system resulting from that program may not be suitable for SPS. It is 
also recommended tnat demonstration of blanket technology that is capable of meeting the SPS 
design goals with respect to W/kg, cost, and temperature (as required for annealing), and of 
withstanding the environmental conditions of GEO, be a part of the GBED program. 

2. 3. 2.4 Manufacturing Process Development 

Although a large-scale manufacturing capability will ultimately be needed for the SPS 
program, several orders of magnitude above present solar module production rates, the evolution 
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of new solar cell structures (hiring the GBED phase would render premature any significant 
production proces development effort, b^ond fabricatitm in a laboratory-type pilot Bi» of 
relatively small numbers of cells for the lifetesting program. However, to allow the feasibility 
evaluation at the end of the GBED phase, an evaluation of potential barriers to producti<m within 
the SPS cost goals for the GaAs approach is recommended. For the sili<^ a^^roach, which is 
based on a much more developed technology, and where many of the results of the cost reduction 
effort in the terrestrial program can be utilized, a strawman proceK sequence (pap^ design) 
should be laid <xit, and the manufacturir^ process evaluated accordir^ to the SAMICS metho- 
dology or, if needed, a variation of it. 

2. 3. 2.5 Performance Stability 

To meet the 30 year lifetime requirement, very good stability of the solar cells, the 
interconnects, the cell covers, and the supporting element is required in the (grating environ- 
ment (geosynchronous orbit). Four major influences of the environment are of concern: 

(1) degradation caused by the energetic particle radiation which includes low-energy 
protons, medium -energy electrons and protons, and occasional large bursts of 
high-energy protons from solar flares 

(2) degradation (mused by llie combined GEO environmental effects which include u.v. 
radiation, vacuum, and extreme temperature, in additiem to the particle ri.l.ation 

(3) possible degradation caused by the interdiffusion of different elements at their 
interfaces, particularly as the result of high operating or annealing temperatures 

(4) niateriai fatigue resulting from the extensive temperature cycling connected with the 
eclipses 

As far as the solar cells are concerned, the degradation -causing particle flux mentioned in 
(1) can be reduced by the use of suitable shields (encapsulation), and its effect minimized by 
proper ceil design. However, because the radiation dosage both during transfer from LEO to GEO, 
and in GEO during the operating life, is expected to produce significant unavoidfble cell damage. 
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most SPS plans call tor the use of on-site thermal annealing to restore the cell output. Since the 
radiation-resistance or recovery-by-annealing design goes substantially beyond previously 
attained levels, a basic researdi pn^ram should be conducted to elucidate the physical 
medimiisms involved and to change material or device properties to minimis radiation damage. 
H)is is discussed in m<ve detail in sections 2.3. 2.2 and 2.3. 2.3. 

Since it is difficult to predict the effects of the environmental factors, particularly the 
effects of diffo*ent particle types and their fluence at tiie operating temperature, ai various 
mata*ials and cell designs, the GBED program must inclucte extensive ground-based testing. This 
testing can be meaningful only when solar cell structures can be used which closely resemble 
those considered to be strong candidates for SPS use. 

As a>me of the environmental factors of GEO (1 and 2 above) are not well defined and are 
time-varying (particular^ the energy spectrum of the particle radiation), and as their synergistic 
effects as well as their l<mg-time effects are difficult to simulate in ground-beised tests, a simple 
txit adequately instrumented on-orbit test should be planned to start during the last year of GBED 
as peu*t of a space flight performed urvler {mother program. Since preparations for such a flight 
test are time consuming, they should start early in the GBED prc^ram. 

The degradation effects described in (3) are expected to arise mainly from the long-term 
influence of elevated temperatures, which are either the on-orbit stea<ty-state temperatures 
under solar irradiation without or with optical concentratiOT, or the temperature needed for 
anneiding. These effects can be evaluated in ground-based tests, and their impact controlled by 
careful selection of adjoining materials of constructioi of the cells and the blanket, or by the 
inserticMi of barrier materials. 

The low mass of the blanket will cause very severe temperature cycling during eclipse 
periods, with consequent stress due to thermal expansion coefficient mismatches in the blanket 
structure. This leads to the material fatigue effects (4 above). The extent of these effects can 
be determined in ground-based thermal cycling tests, and the design, if needed, improved by 
selection of more suitable materials. 
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Suitable methods do not now exist for either the simulated, ground-based testing of the 
~ combined effects of the various components of the GEO environment, or for the accelerated 

testing to ascertain a 30 year operating life without gross overdesign. Theref(^e, an effwt should 
be initiated to define, develop, and conduct an accelerated testing program to demonstrate that 
the array can perform satisfactorily for 30 years. 

Other less important potential material or device degradation processes which will also need 
to be evaluated in ground-based tests include electro-migration caused by the hi^ circulating 
cuirents and micrometeorite impacts. 


2.4 Solar Blanket and Arra> 


iticxi Issues 


For the solar array review, it was assumed that the photovoltaic device which is yet to be 
defined in detail will be the driving element in the array design, and the effort was concentrated 
on identifying "SPS-unique" constraints as a basis of the review. It was also recognized that 
many of the consideraticms in array integration lead to new demands on the properties of the 
blanket components, which will subsequently have to be dealt with in the component development 
effort. 

The presently used methods for space blanket formation employ relatively expulsive 
materials, depend extensively on hand labor, and are based on discrete manufacturing operations. 
In the past ten years, space flight cells have increased in size from 1x2 cm to greater than 2x6 cm 
dimensions. This trend has been driven by assembly cost considerations; larger sized cells result 
in lower unit area assembly costs because of the reduction in the total number of handling 
operations. Thus, even larger area cells will be required for the SPS concept. 

Since blankets of low mass, high performance, and long life will be needed to satisfy the SPS 
goals, it was found that every effort should be made to eliminate or modify blanket elements that 
appear to sev'erely compromise the criteria established for an SPS blanket. In addition, any 
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candidate component of the blanket should be capable of being mass produced by automated 
assembty techniques. 

m view of the significant developmaits during the last three years in silicon back ^rface 
reflector cells, ^lit spectrum devices, and improved cost-effective cold mirrors, a complete 
re-evaluati(m of the methodolc^ is indicated which leads to the selecticm of a preferred solar 
concentration ratio to be used in conjuncticm with a particular SPS photovoltaic blanket. These 
new developm^ts warrant a re-examination, at the systems level, of the present conclusions 
reached in the SPS concepts study. Both low (less than 5) and hi^ concentration (greater than 5) 
concepts should be evaluated in terms of system cost and mass, using conventional (Si and GaAs) 
as well as advanced (split ^ectrum, cascaded) solar ceUs. Such new studies could provide an even 
more optimistic perspective for the SPS with reject to performance end cost. Ihis would then 
provide some additional technolc^cal "breathing room" for the concept. 

2.4.1 Blanket Integration 

A '^trawman SPS blanket" was considered, based (xi encapsulating the welded submodules 
witti a material, glass oe organic, which would be capable of meeting the SPS environmental, 
manufacturing and performance requirements. This would mean a relatively thin layer 
(25 micrometers) of encapsulant which has low mass, can survive 30 years in geosynchronous orbit 
without significant degradation in its mechanical, optical and thermal prop^ties, and which would 
lend itself to encapsulation techniques that would not compromise the other components of the 
blanket. The development of such an encapsulant is of critical importance in order to 
demonstrate blankets of specific power high enough to satisfy the goals of the SPS program, and 
will be needed regardless of the cell (GaAs, Si, etc.) that will ultimately be used. 

Because of the scale of the SPS, integrated tecluiiques for producing blanket submodules 
capable of delivering perhaps hundreds of watts must evolve. Adhesives which are now used for 
bondii^ circuits to the substrate and protective covers lo the eell'i will likely need to be 
eliminated because of their relatively high mass in the thin blanket structure and because of their 
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intierent environmental liriiitations. The encapsulants may not now exist which could satisfy the 
basic materials pr<^erties required for SPS: low mass, insensitivity to thermal shock and high 
temperature excursions, resistance to the synergistic effects of the space radiation environment 
(u.v., electrons, and protons), and capability of high density blanket storage and transport. 

In order to be able to assess feasibility by the end of GBED, the technical means which will 
permit approaching the specific-power, lifetime, and cost goals of the SPS concept in this century 
should be known by 1986. It will thus be necessery to develop a splice-worthy, SPS compatible 
encapsulation system during GBED. Such a system directly impacts the i *iin requirements for the 
SPS array, but has also numerous advantages for cU other space systems. An appropriate 
encapsuirnt allows the consideration of forming entire submodules in a sii^le operation, thus 
increasing manufacturing throughput and reducing cost. Developments along these lines for 
terrestrial photovoltaics have already clearly demonstrated the gains in manufacturii^ volume 
arid cost redaction that may be expected in the case of the SPS array. 

The development of such an encapsulation system would allow the elimination of adhesives. 
Recent studies have shown that as the specific pow*^.* of the cell approaches 1000 W/kg, which 
would be the case for either GaAs f silicon, the mass of adhesive used per unit becomes the 
limiting factor in determining the specific power of the blanket. Efforts to further reduce 
adhes've thickness or coverage would raise serious questions concerning array reliability. One of 
the main causes of interconnect fatigue during extended deep thermal cycles is based on the 
interactions that take place between the interconnect and the adhef-ive at low temperatures, a 
condition taat wiU be encountered by the SPS array in inousands of very deep thermal cycles. The 
elimination of these interactions would greatly enhance the survivability of the array, and 
improve the prospects for a 30 year operating lifetime. 

There is an obvious need for work addressing both interconnect and submcdule bus designs. 
These array components will have a significant influence on the ultimate cost and performance of 
the system. The main problem that can be presently identified is the trade-off that must be made 
between interconnect and bus mass and the required electrical performance of the array 
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submodules. A cursory examination of the interconnect technology has indicated that there are 
obviCMJs problems when relatively large cells and submodules are being considered. Tlie goal 
should be to c<mslderably reduce interconnect mass while handling significantly larger amounts of 
pow» than in present spacecraft, and to simultaneously be able to survive at least 3000 deep 
thermal cycles with in-plane-^ess-relieved interconnects. This will require a great deal of 
ftirthar study. Determination of the required dimensions and materials for the interconnects and 
busses as a function of cell and submodule size would be a logical starting point, and should be 
carried out at the beginning of the G6ED prc^ram. Interconnecting the cells and modules by some 
form of welding should, however, not present a major problem, and will facilitate meeting a 
numbo* of the SPS design constraints. 

Aiwther concern is the ability to manufacture such a blanket in an economic fashion. The 
geometry of the blanket submodules, very thin and very large, requires new approaches and 
innovative machinery fcr fabricating tl«se blankets. This part of the program cannot be further 
addressed until a better understandir^ of the final cell and submodule configuration is developed. 
Nevertheless, a preliminary assessmoit of techniques for economically manufacturing the array 
should begin. This is required in order to provide some credible estimates of the SPS system c >st 
by the 1986 assessment date. Such data may be paced by the activities associated with 
encapsulant development. However, such work could begin within two years after initiation of the 
encapsulant effort. 

As in the blanket detail review, it was found here that the GBED phase needs to begin some 
limited space flight test experiments. Such efforts could be shuttle launched or "piggybacked" 
on existing spacecraft. The recommendation for space experiments is based on the fact that it is 
not possible to develop the necessary ground-based facilities to provide the synergistic environ- » 
ment of a geosynchronous orbit. The availability of actual ^ace data in order to realistically 
evaluate tlie technology feasibility for SPS is essential. The test experiments should be designed ^ 

to obtain definitive data on a particular aspect of any technology being evaluated. We cannot | 

I 
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presently see the need for dedicated, and therefore more costly, spacecrift for this part of the 
effort. 

2.4.2 Array Integration 

Although it is not a present critical requirement for SPS viability, the lack of information 
concerning the various subsystems interfaces offers a potential for ultimately delaying or 
compromising the SPS effwt. 

V/hile the array structure was not addressed in this workshop, problems associated with 
packing, launching, and deploying very large, low mass arrays became immediately apparent. It is 
recommended that every effort be made to identify the properties of the proposed launch vehicles 
at an early time so that the preliminary array design can be configured for a match to the launch 
vehicle. For example, the acoustic environment of the launch vehicle dictates the packaging 
requirements for the blanket or array, and the damping material required may well exceed in mass 
and/or volume those of the blanket to be transported. This environment must therefore be 
bounded as soon as possible, so that the array may be configured to survive the launch. In 
addition, the volume constraints of the vehicle must be known sufficiently to allow launch 
configuration design for the most efficient utilization of lift capacity. 

The size of an SPS array is such that presently available nethods for predicting its dynamic 
behavior in orbit are not adequate. The question of how the array is to be oriented must be 
considered in some detail at this stage of the program to ascertain the mechanical requirements 
on the array and blanket resulting from the orientation maneuvers. Also, the influence of subtle 
changes with age in che thermal and mechanical properties of the array and the associated 
concentrator system must be addressed in at least a preliminary fashion during the next few 
years. All this information must be fed back to the array design effort in order to avc’d a 
baseline design that is inherently incapable of operating at the required performance level for the 
required time in orbit. 


27 




A set of "SPS unique" problems that need adequate definition are those associated with the 
environment that the SPS array itself will induce, simply because of its size and the power being 
distributed over its area. Some obvious areas that must be addressed are the plasma effects that 
. mi^t result from the high (derating voltages, potential electromagnetic pulse effects that could 
result from transients to and from occultatim, magnetic dipole effects from the high bus cuirents 
that could severely change the dynamics of the array, and safety considerations durir^ array 
repair. It was found that the blanket needs to be designed as an easily exchangeable modular item 
to facilitate repair of the array. Such information on the potential effects the array may induce 
in itself must be made available within the next few years in order to provide some clues as to the 
prefer design approach needed for the SPS array. 

2.5 Advanced Concepts 

It is recommended that the GBED program include investigation of advanced concepts that 
offer the potential of significant advances in performance, mass and/or cost of the photovoltaic 
energy conversion system over the "mainstream" concepts and designs. At least some of these 
investigations should commence at the start of the GBED program, and some advanced concept 
activity should be in progress throughout the six-year GBED program. 

With the intention being of allowing new developments in existing technologies, as well as 
totalfy new concepts evolving during the GBED period to provide a major portion of the Advanced 
Concepts activity, specific advanced concepts nave not been included in this recommendation 
with one exception. 

The one specific advanced concept recommended by the group for further immediate 
development is the cascaded or tandem multiple-bandgap solar cell -- a concept already being 
investigated in several materials systems under Air Force sponsorship for various space power 
supply requirements, and under DOE/SERI sponsorship for high-efficiency terrestrial concentrator 
cell applications. The materials now under investigation involve GaAs or related compounds as a 
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component in the cells required, but there are few, if any, restrictims placed the substrate 
material or its thickness (mass), or on its cost. 

It is recommended that development of the cascaded cell technology be extended with 
specific orientation for the SPS, which includes the added ^ecification of a limited substrate or 
encapsulant mass. It is recommended that the aim of this development be demonstration, in 
experimental cascaded thin-films cells, of the achievement of 25% efficiency at AMO within the 
GBED program period, and of the potential for achievement of 35% efficiency at AMO in the 
same or separate development. The latter efficiency figure need not be demonstrated within the 
six-year GBED program, but may result from suitable experimental data and appropriate 
extrapolations. 

It is also recommended that other advanced concepts — which might include, but not be 
limited to, such devices as split-^ectrum systems, thermo -photovoltaic converters, and combined 
ihermal-and-photovoltaic systems — be investigated and, if so indicated, developed for the 
purpose of achieving conversion efficiencies approaching 50%. It is recc^ized that such 
investigations may be of a "high-risk" nature, but some activity of that type is required to 
properly carry out the intended mission of the GBED program. 
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3. SOLAR THERMAL CONVERSION SYSTEMS 


The thermal engine concept is a viable candidate for solar energy conversion in the SPS. 
The perfwmance estimates of the solar thermal conversion approach, in terms cf economies and 
mass as given by the previous Boeing and Rockwell studies, are not substantially different from 
those projected for the photovoltaic reference system. However, all energy conversion concepts 
currently being ccmsidered, whether photovoltaic or solar thermal, cannot achieve the SPS goals 
for cost and weight. For both approaches advances in technology are required and among the 
competitive systems, performance differences are largely contingent upon results assumed for 
technology programs not yet perfom ed. Therefore, within our present knowledge, the photo- 
voltaic and solar thermal systems are competitive in weight and cost. In addition, there are 
imporlant comparative advantages that appear to be inherent in the solar-thermal approach. For 
example: 

• Solar-thermal equipment is relatively insensitive to radiation effects, both during 
transport from LEO and GEO and during 30 years' exposure to the GEO environment 

• Gravity gradient compensation may be accomplished through mass distribution thereby 
reducing the need for stationkeeping with thruster propellant 

• The power conditioning of generated electricity for the microwave transmitter will be 
significantly easier using the solar-thermal approach 

• The production of the 40-200 turbine generators required for one SPS appears to be a 
reasonable annual output for existing industry 

There is considerable concern at present that the current emphasis on the photovoltaic 
approach to the exclusiwi of promising solar-thermal options may result in an inadequate 
examinaticm of the solar-thermal approaches. It is therefore recommended that renewed 
attention be given to a solar-thermal study program which will investigate new systems 
configurations that take advantage of recent advances in thermal engine technology. 

The following sections provide: 
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• A critique of the results obtairv d in previous solar-thermal studies 

• A discussion of light weight structures which addresses structural requirements for the 
solar-thermul systems goals for performance and economics along with comments on 
the present level of advanced space structure technology 

• A discussion of advanced thermal engine systems along with improvements which can be 
reasonably expected from additional studies 

a A discussion of advanced radiator concepts and their favorable impact on the solar- 
thermal approach 

• Proposed programs for GBED vv'r.ich permit further evaluation of the solar-thermal 
approach 

• Concluding remarks 


3.1 Critique of Contractors* Results 

The studies that have been performed to date in the solar th-^rmal conversion area have been 
broad in scope and have included the systems listed in Table 3.1.1. Although numerous systems 
have been examined, the assumptions that were used in the analysis of the solar thermal systems 
were i'cnerally conservative. If reasonable projections of future technology advances are taken 
into consideration, as they were in the case of the photovoilaic systems, a solar thermal system 
may have a considerably lower mass than that which was projected by the earlier studies. This 
point will be illustrated with reject to the Brayton system which was one of the solar thermal 
systems examined. 
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Table 3.1.1 

Thermal Energy Conversion Systems Reviewed for 111!' Report 

I. TTiermal-Soter 

1. Bray ton 

2. Potassium Rankine 

3. Cesium/Steam Combined Cycle (Rankine) 

4. Organic Rankine 

5. Thermiwiic (Including TI/Brayton Combined) 

Solar Concentrators 

1. Parabolic (Including Compound Parabolic Cone.) 

2. Faceted 

3. Casagr'nian 

4. Plarar (CR = 2 to 8) 

5. Inflated 

HI. Thermal-Nuclear 

1. Rotating Particle Bed Reactor 

2. Molten Salt Breeder Reactor (MSBR) 

3. Uranium Hexaflouride (UF) 

4. Conversion Cycles (Brayton, Rankine, Thermicwiic) 

LMFBR 

GCFR 

. Ceramic pebble-bed reactor 
. Gas-core reactor 
. Fusion reactor 

IV. Radiators 

1. Heat Pipe 

2. Fin-Tube, Liquid 

3. Fin-Tube, Vapor /Gas 
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3.1.! Thermal Systems' Development Issues 


The earlier studies reviewed by this panel examined the important problems associated with 
^ace thermal power systems. While these studies tended to differ among themselves, by and 
large they did address the major issues associated with solar thermal systems listed in Table 3.1.1 
to define areas which require further study in order that a real assessment of the comparative 
developmental rsks between solar thermal and solar photovoltaic systems can be made. 

Both photovoltaic (silicon or gallium arsenide) and thermed cycle (Brayton or Rankine) 
appear to be technically feasible solar energy conversion methods; however, photovoltaic systems 
may have Iowct mass then solar Brayttm and Rankine cycle system concepts, the costs of 
photovoltaic systems may be less than thermal cycle systems, and photovoltaic systems may have 
highor reliability p>otential than thermal cycle systems because of the inherent redundancy 
features of photovoltaic array design, passive system characteristics, and lack of an active 
■'’ooling system. 

The space constnietion cost appeared to be higher for thermal engine systems than 
photovoltaic systems because a larger crew size and larger construction facility could be required 
and the packaging space transpOTtaticm costs could be higher. 

The solar Brayton cycle system with helium working fluid may have the following 
disadvantages: 

• barge, heavy radiator system, including the requirement for leak-tight fluid joints 

• Difficult requiremCiits for efficiently constructing solar concentrators and radia- 
tors 

• Low packaging density components, which increase space transportaticn costs 

The solar potassium Rankine cycle system may have the following disadvantages: 

• Difficult requirements for efficiently constructing solar concentrators and radia- 
tors 

• High temperature, vapor-phase radiator system requiring leak-tight joints and 
seals, including adequate meteoroid impact protection for tubes 

• Low packt^ing density components, which increases space transportation costs 
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Maintenance considerations for the cesium/steam Rankine dual-cycle ^stem may be 
excessive. The complexity associated with repair and replacement of a large number of massive 
components and potential problems of fluid ^stem leaking may render this concept unattractive 
tor further consideration. 

Thermionic conversion systems examined resulted in a satellite mass 50-100% greater than 
with other thermal cycle systems, and 2 to 5 times greater than photovoltaic systems. As a 
result, the thermionic systems have a higher projected cost than other candidate systems because 
of high transportati(xi costs. However, should more efficient thermionic diodes be developed, 
satellite mass would be greatly reduced. 

Space nuclear reactor systems utilizing rotating particle bed, molten salt and uranium 
hexafluoride breeder reactor system v/ith thermal cycle (Brayton, Rankine, and taermionic) offer 
the advantage of compactness relative to solar powered systems. It should be noted that little 
effort was devoted to the nuclear system options, and the mass calculations were anals^ous to 
taking off-the-shelf terrestrial photovoltaic panels (weighing about 200 kg/kw) and using this 
information to determine photovoltaic SPS system mass. Also, significant safety and environ- 
moital questions exist and were not studied. 

While the systems definiti(Xi studies indicated a cost advantage for photovoltaic systems 
over the thermal system utilizir^ the ground rules of these studies, it should be emphasized that 
these differences are nonetheless small. By and large this advantage stems from satellite mass 
differences which in turn affect tran^ortation costs. 

The cost advantage of photovoltaic systems is very sensitive to solar array blanket cost and 
weight when compared to solar thermal systems. Thus a small difference in the actual achieved 
efficiency of the type of solar cells which must be developed for space applications could change 
this result dramatically. To illustrate this point. Fig. 3.1.1 shows a cross trade-off between the 


I 
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potassium Ranking cycles and the projected performance of a space-worthy silicon photovoltaic 
system. At the projected solar blanket cost, the silicon system appears to have a 5-10% cost 
advantage which could easily be lost unless the project efficiency is fully achieved. 

3.1.2 Brayton Cycle Concepts 

A schematic diagram of the cL ed Brayton cycle system shown in Fig. 3.1.1 illustrates the 
fundamental elements of the Brayton cycle SPS. The solar concentrator reflects and focuses 
concentrated sunlight into the cavity absorber aperture. The cavity absorber is an insulated shell 
with heat exchanger tubing. Helium gas ilov iat, tnrough this tubing is heated to the turbine inlet 
temperature. The hot helium expands throi^h the turbine doing the work of turning the 
compressor and the electrical generator. Residual heat in the turbine exit gas is used to preheat 
compressor output gas before final heating in the cavity absorber. This heat transfer is 
accomplished in the recuperator, which is a gas-to-gas heat exchanger. The miaimum gas 
temperature occurs at the exit of the cooler, which is a gas-to-liquid heat exchanger interfacing 
the helium loop to the radiator system. Waste heat is rejected to space by a radiator. 

The total mass of the satellite, not including growth allowance, is 76,619 metric tons for a 
10 GW system. Fig. 3.1.2 shows a mass statement for the Brayton SPS concept. Note that the 
radiator constitutes almost 40% of the satellite mass. 


Reference(s) 


SPS System Definition Study, NASA Contract NAS 9-15196, Boeing Aerospace Company, 
Report/Number/Date. 

1. System Requirements and Energy Conversion Options, Part 1, Volume 2/D180- 
20689-2/ July 29, 1977. 

2. SPS Satellite Systems, Part II, Volume III/D180-22876-3/December 1977. 
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Figure 3.1.1 Bray ton 





POWER DIST 



m 

o 


— coooooooooooo 
ii^f»f-.tocNjOf^coir)CMcwo^o 
OfOOCOfOCwOr«s.O>‘^<C^COC\j 


C^- ^ ^ CM 

ro *- 


o o o o o 


o 

'£) 

O) 


c 

o 

•u 

>% 

Cl] 

PQ 


CM 


s 

UJ 


10 

o 

z cn 

— LU 
CG 

0. a: 

11 o 

'75 75 
=0 < 
X 

tr ^ 


r N — 


!/) 


UJ 

cn 

D 

b 


0^0 
UJ UJ < 

cr o u. 


z 


U Z 1.' 


7) 


LLi rr» 

?i 

X 

r 'i 'j1 

2 $ 


c 

z 

6 

o 

o 

o 

< 


Q. 

UJ 

UJ 

5^ 

Z 

o 

C 75 75 

CC UJ 
< — _l 

75 5 < 


> =3 

§ ^ 
O 5— 
CL cn 


O 

J 


3: 


0>xr. - 

C5 _ Ui ^ ■_ 

cr L- z - 

D < UJ § 

I- <J O 05 


-1- UJ 

O 2 
li O 


75- 


Z 

o 

h- 

> 

< 

c: 

cc 


I 

K 

5 

Q 


Z 

5 2 

Z 

05 UJ 
> ►- 

Ui u 

35 r 

D 

I- O 

o z 

3 05 
QC < 

,■— _j 

05 a 


cn 

(i) 

M 

3 

bO 

•rH 


37 


The major assumptions and tables involved in the design of the Brayton SPS described above 


are as follows: 

1. Turbine inlet temperature - 1610°K (2438°F) - subsequently reduced to 1242°K 
(1776°F) to utilize near-term materials technology; i.e., refractory alloys in lieu of 
ceramics 

2. Cycle tempenture ratio - 0.25 - subsequently raised to 0.41 for minimum radiator area 

3. Energy conversion efficiency - 45% - subsequently reduced to 21% as a result of the 
above temperature charges 

4. Generator efficiency - 98.5% 

5. Cavity absorber efficiency - 70.2% 

6. Solar concentrator efficiency - 55.1% 

7. Reflector film reflectivity - 0.87 BOL, 0.625 EOL 

8. Radiator inlet/exit temperatures - 597K/395K 

9. Faceted (heliostat)-type solar coUector/cor.centrator 


The major tradeoff studies that have been performed leading to the concept described are as 
follows: 


1. Turbine inlet temperature and cycle temperature ratio versus system 
efficiency/rediator area/system mas? (Fig. 3.1.3). Iriilial concepts with 1610°K 
(2438°F) turbine inlet temperature yielded a satellite mass of 79,610 metric tons; 
however, this concept required advanced materials technolrr:v (ceramics). Reducing 
the turbine inlet temperature decreases system efficiency thereby increasing satellite 
size (collector area) and mass. At 1242°K (1776'^F) and a cycle temperature ratio of 
0.41 (minimum working fluid temperature divided by maximum working fluid 
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temperature) the cycle efficiency is 21% but the radiator area is minimized (see 
Table 3.1.2). The 1242°K turbine inlet temperature design was selected for final 
system comparison studies 

2. Space radiator des%n tradeoffs: gas (working fluid) radiator; pun >ed liquid metal 

with/without heatpipes; alternate mass folding concepts; meteoroid protection criteria. 
The preferred concept based on mass considerations is a pumped liquid metal (NaK) 
system which transports waste heat from the thermodynamic Brayton cycle engines to a 
water heatpipe radiator system 

3. Alternate construction techniques/dcsign approaches to facilitate construction: free 
form, facilitized, and extrusion 

4. Solar concentrator/absorber trades: 

— Number of facets vs. efficiency 
— Geometric concentration ratio 

— Cavity receiver efficiency vs. mass 

The Brayton cycle SPS concept has been compared with a number of other thermal cycle 
systems as well as with photovoltaic systems. Table 3.1.2 shows a comparison of the Brayton 
system with Rankine cycle (ootassium and cesiurn/water combined) and tnermionics. The Brayton 
and potassium Rankine systems of Table 3.1.2 were designed within the context of the same 
system deflnition study (Contract NAS 9-15196, Boeing Aerospace). The cesium/water 5 GW 
Rankine system design v^as produced by Rockwell International under Contract NAS 8-32475. 

System masses, areas, etc. were simply doubled for direct comparison with the 10 GW 
Brayton system. The thermionic system of Table 3.1.2 resulted from an earlier study by Boeing 
under contract NAS 8-31628 to the Marsrall Space Flight ('enter. 
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Table 3.1.2 Thermal Cycle Trade Study 


No Growth Allowance 



Figure 3.1.4 SPS Mass Comparisons 



The major conclusion/results of this study with respect to a Brayton cycle SPS are as 
foHows: 

1. The mass of the Brayton cycle SPS was 79,610 metric tons including the microwave 
system (but witli no growth allowance) at a turbine inlet temperature of 1610^K 
(2438^F) and a cycle temperature ratio of 0.25. The porticm of the mass attributable to 
solar energy collection and conversion was 63,290 metric tons or about 4 kg/kw orbital 
power output. This design requires use of emerging technology ceramic compcments. 
Reduction of the turbine inlet temperature to refractory technology 1242®K (1776®F) 
and selectii^ a 0.41 cycle temperature ratio for minimum radiator area results in an 
increase of satellite mass to 102,000 metric tons 

2. Radiator mass is the dominant element cf the total satellite mass (see Fig. 3.1.3). 
Therefore, any advances in radiator technalogy which result in lighter radiators can 
have a major impact on SPS thermal conversion system performance characteristics 

The solar Brayton cycle system is presently considered only a backup candidate to the 
primary silicon and gallium arsenide photovoltaic options. As a result, this system has been de- 
emphasized in study efforts. Its primary disadvantages (relative to photovoltaic) have been said 
to be higher satellite mass and more complex space construction operations. Technology 
improvements that would make the Brayton system more competitive include lighter weight 
radiator systems (with development of leaktight fluid joints) and high temperature materials 
(ceramics for example) to permit turbine inlet temperatures in the rf Tge of 1600 °K or higher. 
These improvements would result in overall cycle efficiencies of 45% or more, greatly reducing 
satellite size and mass. 

With respect to the nine assumptions listed for the previous Brayton SPS study, it should be 
noted that these were not uniformly applied to all systems. For example, the assumption of 
0.625 EOL reflector film reflectivity that was used in the analysis of the Brayton system was 
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significantly lower than that that was used in the analysis of the gallium arsenide photovoltaic 
system. Similarly, the a^mption of a 1242^K turbine inlet temperature leads to a high mas 
system whereas if a higher inlet temperature (1750^K) is assumed the mass can much less than 
that of the silicon photovoltaic system. A complementary development program in the ceramics 
area is presntly underway. Using the higher turbine inlet temperature, a solar thermal mass 
comparis<x\ is shown inF^re3.1.4. A summary of some of the solar thermal system results is 
shown in Table 3.1.2. 


3.2 Collector Structures for Solar Construction 


Tne ccllection of the large amounts of solar radiation needed for SPS obviously requires very 
large areas. The high concentration ratios needed for efficient thermal power conversion requires 
that the surface areas be oriented accurately. The economics of the systems require that the 
collectors be fabricated at low cost per unit area and have reasonably low mass. 

Since 1978, concerted efforts have been devoted to the problem of manipulating sunlight in 
space, in connection with the Halley Comet Rendevous Solar Sails Studies. An important 
conclusion of that study was that the technology of thin polymer films is far enough advanced as 
to allow the fabrication of kilometer-sized areas for launch in the early 1980's. The baseline film 
system consisted of 2 micron thick Kapton film, coated with vacuum-deposited aluminum on the 
reflector surface. Several means of producing the thin films were found to be available, including 
casting, chemical etching, and electrodeposition, as well as the standard approach of stretch 

forming, which was demonstrated during a special run at duPont's commercial Kapton facility. 

2 

The mass per unit area of the baseline reflector film is about 4 g/m and the cost in the 
quantities needed for SPS would certainly be less than $1.00 per square meter. It is reasonable to 
expect that by the time SPS is implemented, even better technological advances could be made. 
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3.2.1 Surface Accuracy 


The reflecior film must be supported by a structure that is capable of adequate surface 
accuracy. T'he sun subtends an ai^le of 1/2 degree of arc, so if the surface can be held to an 
accuracy better than this, say one or two miUiradians, then the system performance would not be 
harmed by the errors. Current studies of radio frequency antenna structures indicate feasible 
accuracies of an order of magnitude better than this. 

Indeed, the surface slope error of a large-area truss structure is approximately equal to the 
ratio of the cell size of the truss divided by the truss depth times the truss unit length. If the 
members of a truss can be established with a length error of one part in ten thousand, for 
example, the resultant error in the slope of a truss fabricated as deep as its local cell size would 
be about 0.1 miUiradians. Thus, the objective of one milliradian slope accuracy without on-orbit 
adjustment is a reasonable one to propose. Particularly, the development of composite structures 
components of near zero thermal expansion coefficient area are very encouraging. In NASA 
Conference Publication 2058, p. 126, minor errors of 1-2 miUiradians are shown to have only a 
minor effect on thermal performance of a coUector and receiver, depending slightly cm receiver 
temperature. This steering of individual facets does not seem necessary. 

3.2.2 Structure Types 

There is a variety of types of structures that are candidates for meeting the needs of SPS 

coUectors. They include the aforementioned truss with flat facets, inflated paraboloidal 

membranes, geodesic-dome structures, pressure-erected self-stabilized sheUs, tension-stiffened 

surfaces, and pretensioned spoked wheels, as well as various combinations of these. The 

appropriate approaches are those that can meet the accuracy requirements against the environ- 

-5 2\ 

mental forces (characterized mainly by the solar pressure at 1 X 10 N/M ) with a reasonable 
mass. 
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3.2.3 Structure Mass 


To the structures engineer, a "reasonable” mass is usually less than the payload mass. If the 
payload were a photovoltaic blanket of 400 g/m , then a structure of 100 g/m would be 
"reasonable", indeed attractive. For the present situation, the payload is the reflector film. A 
"reasonable" structural mass would thus be less than 5 g/m . Previous studies of SPS have yielded 
structural mass^ less than the structure's payload. 

It is recommended that the following goals be established for the collector including 
structure; 

Accuracy; 1 milliradian rms slope error 

Mass; 10 g/m^ 

Cost; $ 1/M^ 

These goals are considered to be realistic and feasible. They furthermore are advanced 
enough to provide a stror^ stimulation to the technologies pertinent to the collector subsystem, as 
well as to those pertinent to other related subsystems. 

3.2.4 Reeom mendations 

A program should be instituted that is aimed at the foregoing goab:. The program should 
include; Development of Mms and structural materials with emphasis on long-term environ- 
mental stability, creation of an evaluation of various structural concepts for meeting the goals, 
examination of various means of erecting the collector in the final orbit, including deployment, 
assembly, space fabrication and a combination thereof, detailed design of attractive approaches, 
and construction of sub-scale models or full-size modules as appropriate and useful. 
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3.3 Advanced Thermal Power Cycles 


f 


Several approaches to solar thermal conversiOT are competitive at this time. Within our 
current abilities to quantify, the weights and costs of several concepts are competititve with each 
other as well as with the photovoltaic reference system. Two types are the Bray ton and Rankine- 
cycle systems; many systems of both types are in extensive everyday use for generating power for 
electric utilities. Variations from the conventional systems include additions of Rankine 
bottoming cycles. In additiOT, various advanced concepts have been proposed that are less proven 
than the Brayton and Rankine cycles. 

The discussion that follows is organized according to the principal thermodynamic cycle, 
that is the Brayton cycle, Rankine cycle and advanced conc^ts. In each case, the most fruitful 
areas for investigation of these concepts over the next five years or so are outlined. Ckmsiderable 
effort has already beei invested by Boeing and Rockwell in analysis of these concepts. The 
discussion herein builds on these earlier studies and considers their outputs as a point of 
departure. 

3.3.1 Improved Brayton Power Conversion Systems 

Reasonable near-term improvements in closed Brayton cycle concepts and technologies have 
not been incorporated in the previous SPS systems analyses. Although further emalysis and 
research and technology studies are needed it is already apparent that these improvements may 
have a very significant impact on the prospects for SPS and the choice of system concept and, in 
turn, on the prospects for SPS itself. 

3. 3. 1.1 System Analysis 

Intercooling during gas compression should be as‘’.essed in terms <?f its impact on perfor- 
mance of SPS. The power level of the power-generation modules iiti''iences ease of launching. 
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assembly in orbit, maintenance requirements and overall system reliability and should therefore 
be studied some more in combination with the overall system analysis. 

Raising the pressure tevel within the system reduces the size of the various components but 
also requires thicker walls for the pipes and for the easily of the various components. The 
potential for reductiems in weight and cost warrants further study. 

Internal^ insulated ducts would permit separation of the functions of taping the gas 
passage and containii^ higher-pressure gas. Within this concept, a refractory metal could form a 
thin and relatively cheap liner for a given duct, but that liner could be vented so J^hat the pressure 
load is imposed on a cold pipe outside the insulation. Not only would the resulting low 
temperature for the strer^th member permit reduced weight but also the demand for scarce 
materials would be diminished. This principle, although used in design of HTGR for terrestrial 
application, has received no evaluation for use in space. 

The usual workir^ fluid for use in space-Brayton systems is a blend of helium and xenon 
which has a molecular weight selected for effective design of the turbomachinery. For a given 
molecular weight, the mixture has the best thermal conductivity among the suitable inert/gas 
mixtures, and therefore the heat exchangers C8in be made light and compact. Because of the high 
cost of xenon, oti»er inert gas mixtures should be studied. A recent report (NASA TM 79322, 
Dec. 1979) found that the cycle efficiency of at least some Brayton systems can be raised through 
the use of a reacting gas as the working fluid; that concept should be evaluated for SPS. 

In exploring Rankine cycles, Rockwell found significant r<^ductions in weight and cost of SPS 
through the use of a steam bottoming cycle in combination with a cesium Rankine cycle. This 
gain was realized despite the fact that significant thermodynamic losses result from condensing 
cesium at constant temperature in order to heat, boil and superheat high-pressure water. A 
steam bottoming cycle could be even more effective in combination with the Brayton cycle, but 
this combination has not yet been explored for SPS in spite of the fact that the most efficient 
terrestrial power plants are now based on this combination. Radiation weight trade-offs tend to 
mitigate against low temperature bottoming cycles. 
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3.3. 1.2 Materials 


As cited earlier, existing technok^ on refractory materials should permit operation of 
Brayton systems at temperatures up to ISOO^K (2250^F) through use of tantalum alk>^ Niobium 
(or columbium) alloys l<^e strength at high temperature and are for this reastxi present^ limited 
to about 1300°K) (1900^F); however, niobium has onfy half the density of tantulum and is less 
costly. Molybdenum alloys are about as strong at high temperature as tantalum, have density 
almost as low as niobium, but have not been mudt explored fw use in fabricating pipes, turbines 
or heat exchangers. Hie very high thermal conductivity of molybdenum especially suits it for u% 
in heat exchangers. In particular, molybdenum alloys warrant development and evaluation for use 
at temperatures of 1300®K and higher. The technology for fabricating heat exchangers from 
molybdenum should be evolved. 

The ceramics, silicon carbide and silicon nitride, have inherent properties at 1650°K 
(2500°F) that suit them for use at that temperature, and the sialons have comparable prc^erties. 
These comparatively new materials would be appropriate for use with inert gases, as planned for 
use with the Brayton cycle, and offer the potential for high performance using relatively cheap 
raw materials. The large program on ceramic gas turbines (over $100 million) spcxisored by DOE 
should provide the basic enabling technology that would be the precursor of successful applica- 
tionk of these materials in SPS. The technology required for application of these promising 
materials in turbines for SPS should be evolved. 

For electrical machinery in a Brayton system (in particular, for the generator and any 
motors or EM pumps required), the technology has already been demonstrated for 10000 hours 
with hot-spot temperatures of 980°K (1300°F); this technology would, in turn, permit cooling 
these components with a coolant supplied at 800-875°K (100- llOO^F), a characteristic that 
relieves the problems of cooling these components. 
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3.3.1.3 Receiver 


For the Bray ton system, the solar-heat receiver requires significant improvement. In the 
existii^ studies of SPS, the Brayton receiver was heavier than that for the Rankine cycle, chiefly 
because the alkali -metal coolant of the Rankine cycle p^mits such high heal transfer rates. For 
the Brayton systems, use of such liquid aOcaii-metal coolants (whether pumped circulated by 
the capillary forces in a heat pipe) should be explored as a means of reducing size, we^ht and cost 
of the receiver. 

3.3.1.4 Heat Exdiangers 

In OTder to achieve its performemce potential, the Brayton concept requires an effective 
rectg>erating heat exchar^er. At the highest turbine inlet temperatures (1650®K or above), this 
recuperator should be made of a material such as molybdenum appropriate to temperatures of 
1350®K (2000*'F). The very hi^ thermal conductivity of molybdenum also makes it a candid ito 
for high-performance lightwe^ht heat exchangers at lower temperatures. Evolution of tech- 
nology (Ml design and fabrication of such heat exchangers from molybdenum would therefore be 
very worthwhile. 

If the solar-heat receiver is to be cooled by a liquid alkali metal, then some investigation of 
the high-temperature heat-source heat exchar^er is also required. Effort is also needed on the 
design of waste heat exchangers that would transfer their heat to multiple radiator-coolant loops, 
thereby permittir^ design of radiators that would tolerate meteoroid penetration and still provide 
heat rejection with high reliability. Advanced heat pipe and liquid drop should also be considered. 

3.3. 1.5 Radiator 

The waste-heat radiators for Brayton powerplants are relatively large, although less than 
one-tenth the size of photovoltaic arrays. On the other hand, the low temperatures of Brayton 
radiators <K>mpared with Rankine cycle system permit use of materials such as aluminum that 
have not only very low density but also very high thermal conductivity. Design studies and 
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technology development programs for Bray ton radiators are required in order to evolve acceptable 
ways to fold and padcage the radiators for launching and to exploit heat pipes over the range of 
temperatures present in each Brayton radiator. The possibility of fabricating these radiators in 
space should also be explored. 

3.3.2 Rankine Cycle Systems 

Based on the Rankine-cycle point design evolved by Boeing fOT potassium and by Rockwell 
for cesium /water, the following analyses and tests are recommended: 

(1) Evaluate rubidium as a working fluid in competitiOT with potassium and cesium for 
turbine inlet temperature up to 1650°K (2500°F). Evaluate wat» and ammonia as 
working fluids in bottoming cycles. Quantify the demands for critical materials 

(2) Evaluate vapor reheating during the vapor-expansion process. In particular, consider 
reheating by use of the sensible heat in the liquid from the liquid-vapor separator at the 
boiler exit 

(3) Assess the optimum power from each power module, considering the masses and 
volumes desired for launching and considering as well the added reliability and 
increased rr.aintenance resulting from the increasing number of modules 

(4) In order to exploit the reduced density of molybdenum (10 g/cc) compared with 
tantalum (17 g/cc), evolve new molybdenum alleys. Investigate creep strength and 
weldability of tnese alloys for operating temperature.^ to 1600°K (2500'^F). Investigate 
use of these alloys for fabrication of ducts, pump and turbine housings, and heat 
exchangers 

(5) Test cesium condenser and water boner for satisfactory performance under zero-g 
conditions. Evolve and demonstrate leak detection and automatic shutdown of the 
affected condenser and boiler 
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(6) Develop long-lived dynamic shaft seals (for example, a graphite face seal) for sealing 
betweoi alkali- metal vapor and space 

(7) Analyze and thereby quantify the b^eHts from use of existing technology for 
hermetically sealing the alkali-metal turbogenerator within the present limitation of 
975°K (13C0°F) hot-spot 

(8) Ccmsider use of a superconducting generator cooled with liquid helium if this action 
appears justified by current programs for electric-utility applications 

3.3.3 Advanced Concepts 

The potential exists for markedly improving performance of solar-thermal systems by 
increasing overall efficiency of the thermal powernlant by 30-50%. Accordingly, the required 
energy collection might be diminished by 23-33% and the heat rejected decreased by 45-55%. 
These changes would have a significant impact on the weight and cost of both the solar collector 
and the radiator. 

Concepts for achieving these improvements ere now either incompletely evaluated for 
af^lication in SPS or insufficiently mature in their development to warrant substitution at present 
fOT the reference photovoltaic concept. But the magnitudes of the potential gains are great 
enou^ that their exploratory investigation should not be neglected. 

Investigation of these concepts should have two initial phases: 

(1) System studies should define the most advantageous way to apply a given concept tc 
SPS, should quantify the potential benefits from use of the concept, and should 
delineate the principal technical issues that impede the concept's application to SPS 

(2) If the benefits quantified in the studies justify further investigation, then a follow -on 
technology program should address the principal technical issues delineated by the 
study 
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Inasmuch as the investigation of each advanced concept would have these two phases, the 
two phases are not further discussed herein, it beir^ understood that for each concept the two 
phases are to be conducted sequentially. A continuing research program should be directed 
toward generating the necessary data, such as high temperature materials properties and 
interactions needed for Plan 1. 

3.3.3. 1 Thermionic Conversion 

For over 20 years thermionic conversion has been under continuous investigation for 
generation of space power. At present, the investigation is centered at JPL and is focused on use 
of heat from advanced high-temperature nuclear reactors. Earlier studies of thermionics at JPL 
also considered the possible use of solar energy. 

For perhaps the first 15 years, thermionic converters were investigated for operation at 
2i)00-2100°K. Under a Lewis-^onsored program, one converter operated stably for over 40,000 
hours at 2000°K. Although the recent program has centered on achieving satisfactory power and 
efficiency at lower operating temperatures of 1600-1700°K, the early results show the potential 
for operation at high temperature. 

Because each thermionic converter produces about a kilowatt of power, the concept has the 
potential for insensitivity to failure of single converters. The ability to operate at high 
temperatures also suits the thermionic converters for production of power either by themselves or 
as a topping system for a lower-temperature cycle. 

Thermionics were briefly studied already as one concept for SPS. We recommend that this 
study be reviewed in light of the current state of the art and .nat, if warranted, the study be 
extended. In addition, the thermionic concept should be evaluated as a topping system for a 
Rankine cycle. 
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S.3.3.2 Coneepts for Very High Temperature 

The usual concepts fw soter-thermal power use focused solar energy to heat a /neta! wall to 
a high temperature and thai transfer this heat to the thermo -dynamic cycle's workir^ fluid. In 
that event, the metal wall must be somewhat hotter than the working fluid, and the temperature 
limitations <xi this metal wall impose a limit on the efficiency that can be achieved by the 
thermodynamic cycle. 

Cwcepts that heat the workii^ fluid above the wall temperature have the potential to raise 
cycle efficiency. One concept would pass focussed sunlight through a window and heat potassium 
vapor by absorption of the solar energy in the volume of opaque potassium vapor, that is, by 
volume absorption. In concept, the potassium vapor might be heated to 3000-3500°K, which is 
1500-2000°K above values practical in the usual potassium -Rankine cycle. 

Such hot potassium vapor could not flow at high speed past turbine blades in the 
conventional manner without heating them bey<md the limitations of turbine materials. The 
"wave-energy exchanger" provides a concept for potentially transferrir^ useful energy from the 
hot potassium vapor to a lower-temperature vorking fluid such as helium. By that device, the 
potassium would be expanded, cooled and relieved of some of its energy, this energy being used to 
compress the cool helium. The helium would give up this energy by passing through a conventional 
turbine. 

In combinaticxi, the "volume absorber" for heating the potassium vapor and the 
"wave-energy exchanger" for extracting its useful energy provide the basis for a 
power-conversion-system concept relieved from the usual temperature limitations imposed by 
wall materials. The waste heat in the still-hot potassium vapor can, of course, be transferred to a 
lower-temperature cycle, which would operate with its usual efficiency and performance. In this 
way, the power output of the very-high-temperature potassium cycle is a direct addition to the 
output of the lower-temperature cycle, reducing the heat energy required and the thermal energy 
rejected for a given electric power output. 
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I 

^ Although this approach to design of the power conversion system is very valuable in 

I principle, its technology is not yet advanced to the state at which one could exploit the concept 
witli confidence. However, experimental high temperature compressors have been built and shown 
to operate at temperatures to 2500®K. At the present time further experiments are in progress 
involving test machines to determine the efficiency of wave energy exchange. The future 
benefits of concepts such as this are so great that the ov erall SPS program should explore them 
prior to embarking on the construction of the first SPS. 


j. Failure Rates, and Long-Life Capability 


Rotating Machinery for SPS Application 


One of the more obvious concerns regarding feasibility of a solar thermal SPS is the 
reliability, maintenance and life expectancy of rotating machinery such as turbines, electric 
generators and pumps. Large ground-based utility turbines and generators are routinety designed 
and operated for 30 year life, with scl ‘duled shutdown inspection and maintenance once every 
few years. A capacity utilization factor (on-line service) of 75% is typical for an entire 
fossil-fueled steam power plant but only a small part of the total down-time is attributable to 
rotating components. Most failures are related to corrosion in the plumbing, boilers, exhaust 
s<:acks, condenser fouling, electrical control failures, etc. These problems can be largely avoided 
in a space environment due to the absence of air leaking into the steam loop, and the absence of 
moisture, dust, corrosive exhaust gases, and bio-fouling. Also, w'lh a very low turbine specific 
mass, it is economical to use high-alloy stainless steels throughout the design which are corrosion 
resistant if trace amounts of oxygen are introduced to form a protective oxide film on the 
surfaces. The high purity metals used will have little tendency to exude contaminants such as 
silicon which can cause scaling problems. It is not anticipated that water maintenance or 
in-service water treatment will be required, if initial descf ling runs are made in the steam loop 
with a high pH fluid during production testing of the power nodule. 
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3.4.1 Reliability and Maintenance 


The basic reliability goal fw an SPS is uninterrupted production of rated power (excepting 
eclipse periods), in the most cost-effective manner. This requires determination of the optimum 
levels of reliability development and operational maintenance. For the cesium/steam point 
design, a rather high power availability of 90% of total capacity was chosen as a working target. 
Consequently, each of the 318 power modules was oversized 10%. Achievement of the above 
target requires the following: 

(1) Standby repair crews capable of servicing any satellite on 24 hours notice 

(2) High inherent component reliability achieved throi^h extensive stress-to-failure test- 
ily in development and production samples 

(3) Redundant fail-safe system design 

(4) Extensive monitoring instrumentation and automated diagnostic/self -shutdown circuitry 
at the power module level. Typical measurements are system pressures, temperatures, 
flows, voltages, actuator positions, and vibration signatures of critical rotating units. 
Summary data from each module is transmitted to the on-orbit and ground control 
centers 

(5) Modularized replacement units at each component level to facilitate rapid mainte- 
nance. A boiler feed pump, for instance, could be changed out in 10 minutes if 
quick -disconnects are provided for aU fluid, electrical and structural connections 

As discussed in later sections, the bulk of failures are expected to involve small components 
(sensors, controls, pumps, etc.) which can be readily replaced. It is estimated that major failures 
which are not practical to repair in service (turbine bearings, generator windings, etc.) would 
result in less than 10% loss of generating capacity in 30 years. The power modules are 10% 
oversized to absorb this loss and still meet rated capacity, with some replacement of turbines and 
generators in later years. 
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Achipverr.ent of a 90% availability (vs. 75% for ground utility power/stations) is also based 
on the following SPS advantages: 

(1) No problems of atmospheric air leakage into a sub-atmospheric fluid loop to cause 
corrosion or degrade condenser performance 

(2) Materials in the SPS fluid loop will be highly corrosion resistant. Ground utility boiler 
tubes and turbine blades are typically of low alloy steel. The presence of silica and 
other metal impurities which cause scaling will be greatly reduced in the SPS 

(3) Absence of gravity forces virtually eliminates radial loads on turbine and generator 
bearings 

(4) Shutdown for routine inspection or maintenance will not be used, and will be designed 
out of the system by fail-safe features, rigorous development and quality control, 
production bum-in testing, and automated monitoring of turbine/generator vibration 
signatures 

3.4.1. 1 Failure Rates 

The large number of power modules (318) increases the total satellite parts count, but not 
the failure rate per module. The latter should actually be less in smaller power sizes, since more 
intensive development can be afforded and the auxiliary systems are usually simpler. Also, the 
proportion of total satellite capacity unavailable at any one time is reduced, due to higher 
redundancy. 

Although rotating machinery is traditionally expected to have a higher failure rate than 
solid state equipment, the SPS turbogenerators are expected to require much less replacement 
than solid state antenna components or specialized components, such as the klystron tubes. 

The chief drawback of a small power module size is an increase in the total nuuber of 
maintenance and repair tasks. Seventy-five percent of the 318 power modules are expected to 
have at least one failure within their 30 year life. Most of these will be of a minor nature 
(sensors, wiring, controls, seals, pumps, etc.) that can be quickly repaired or replaced. Major 
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failures of the rotating units such as cracked turbine blades and failed bearings would be much 
less frequent and would normally be handled by simply shutting down and abandoning (and possibly 
replacir^) the failed unit. Interconnections betweun power modules permit sharing of cesium flow 
in such cases. To maintain rated capacity, it may be necessary in the later stages of satellite life 
to replace entire turbines, generators, and even power modules. These would be refurbished in the 
orbiting maintenance shop or returned to earth for rebuilding. It is possible that a power module 
could be ch .nged out during a 72 minute eclipse period. The connectors involved are 2 cesium, 2 
steam, 2 electrical power, 1 electrical control (multi-pin), and 4 structural. In the zero-g 
environment, a power module is easily removed through the bottom of the aborber disc, away 
from interference by adjacent plumbing, wiring, etc. Extending the module "down-time” several 
hours, if required, would not be serious since eclipses occur at ground-station midnight when 
power demand is minimum. 

3.4.1.2 Cesium/Steam Interleaks 

The possibility of steam leakage into the cesium loop can be reduced to a small probability, 
and standard means are available for preventing subsequent over-pressure conditions and cesium 
contamination in adjacent power modules. This is considered less of a problem th^ i that from the 
accepted failure rates for turbine blades, generators, etc. 

High pressure steam leaking into the cesium system would cause a spontaieous exoth'^rmic 
reaction (but not a detonation). It could also cause an overpressure condition and extensive 
corrosion of the refractory metals in the cesium turbine, boiler, and flow loop. An intermediate 
heat transfer fluid could be used to prevent direct contact of cesium and steam in the event of a 
leak, but a weight penalty would be involved. Double-walled boiler tubing would impose less of a 
penalty in these areas. The recommended solution is to use single-walled tubing which has been 
proof tested and leak tested to stringent requirements, with all joints of a brazed-sleeve design to 
avoid the potential cracking problems associated with welded connections in a thermal cycling and 
vibrational environment. The tubing coils would be supported by streamlined radial struts at 
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appropriate intervals to separate the natural vibration frequencies of the tubing spans from 
exciting frequencies. In the event of a failure, failed units would be shutdown, drained, and either 
repaired, replaced or abandoned. Overpressure conditions in the condenser shroud would be 
prevented by a burst -diaphragm with a double-ported vent duct on top of the condenser shroud to 
achieve thrust -balanced venting of the reaction products (H 2 , CeOH, H 2 O or Ce) away from 
adjacent turbo/generator sets. 

3.4.2 Technology Advancement and Verification 

The chief areas requiring technology advancement are: 

1. Material properties data, especially long-term creep 

2. Welding of refractory metals (electron beam and laser techniques) 

3. High temperature liquid metal pumps 

4. Turbomachinery 

5. Zero-g condensing 

6. Reliable, lo"g life electric generators 

7. Refractory metal properties, especially long-term creep 

8. Cesium erosion and corrosion data 

9. Hydrodynamic bearings 

]0„ Shaft seals 

Technology verification can be accomplished by subscale and cull scale testing of complete 
modules, both on ground and in orbit. Potential fire hazards from cesium and air leaks will 
require elaborate precautions during ground development tests. Ground vacuum chambers or 
helium purge systems will be required. 

Development and verification of the integrated condenser concept will require subscale and 
full-scale demonstrations on the ground and in orbit. Ground testing would involve placing the 
axis of the annular coil bank in a vertical direction, to observe the centrifuging action of the 
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rotating vapor mass on the cesium condensate without a radial gravitational force component. 
Development risk is not considered great since additional whirl velocity can be easily provided if 
needed to obtain required condensing performance. Stress-to-failure testing with over-design 
pressure, temperature, vibration and corrosion environments would be mandatory. 

With a double-flow cesium turbine, the shaft seals can both be located at the coolest end. 
However, it will be necessary to find face-seal materials which are compatible with each other 
and also compatible with cesium. 

3.4.2.1 Development Risk 

Given the fair state of refractory metal technology', cesium corrosion data and hydro- 
dynamic bearing development, the risk in devolopit^ ? satisfactory cesium turbine is considered 
moderate. Even if SU-31 alloy should prove unfeasi'ilo, TZM and molybdenum would provide a 
reliable fall-Lack position although turbine weight would increase somewhat due to the thid<er 
disc and casing sections required. 

3.4.2.2 Conclusions 

Achievement of a 90% capacity utilization factor for the SPS is considered feasible, 
although detailed studies may show, that a factor of 85% is more cost-effective. Due to the 
presence of repair crews, the requirements for component reliability may be less stringent than 
those now used for unmanned satellites. 

3.5 Space Radiators 

Among the most important factors influencing the feasibility of Satellite Power Systems is 
the necessity of rejecting the waste heat by radiation. High cycle efficiency generally implies a 
low heat rejection temperature and consequently a large radiator area and mass. This tends to 
conflict with the basic requirement that any space-based power plant have minimal mass. The 
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balance between cycle efficiency ~nd radiator mass thus forms a central design problem fw SPS 
systems. 

In most designs the radiator is composed of a vasl array of heat pipes and radiator tubes 
through .vhich flows the working fluid. The tubes must be sufficiently massive to minfifli^S 
micro-meteoroid penetration; in addition, transport of the fluid over large distances is required. 
Radiator mass and the thermal management system in such designs comprise a large fraction of 
the total SPS mass. 

The development of heat pipe technology has continued to advance since the thermal cycles 
ware deemphasized several years ago. Also new data has shown that the model used to evaluate 
meteoroid penetration is probably too severe; therefore, the header tube end heat pipe model 
should be reevaluated. 

Despite the crucial impacts that the radiator has on both weight and reliability of large 
thermal power systems, the technology for sucn radiators has received very little attention. In 
the discussion that foiiows, radiators will be coasiderec in terms of -lear-term technology and 
advanced concepts. 

3.5.1 N ea r -Term reehno icgy 

Conventional radiator? use a circulating fluid (whether liquid or vapor and whether 
circulated by pumps or bv capillary forces) to transport heat throughout the radiator. Such 
ccolant passages are armored so a? to protect against meteoroid oenetration and segmented into 
multiple channels so as to tolerate meteoroid penetration whene 'er it does occur. 

Primary and secondary coolant streams are also cons: ' red occasionally. The primary 
streams would be heavily n rr.crcd and would do the principri job of distributing heat throughout 
the radiator's urea. The .vaste heat from each primary strei; n would be transferred to multiple 
secondary streams, and ‘roiT! those secondary streams, tiie heat would be conducted along solid 
fins that -would .hen ’adiate the heal to space. The segmenting of the primary stream into 


multiple streams and thence to fins are all intended to decrease vulnerability to meteoroid 
penetration, to reduce radiator wei^t and to increase reliability. The design of radiators for SPS 
will depend not on just the techniques for design but also on the constituent technologies on which 
the design techniques are based. 

3.5.2 Constituent Technologies 

Meteoroid-paietration criteria are crucial to design of lightweight, reliable radiators. The 
validity of the data from Pegasus has been questioned because the actual experience in space 
differs from what the Pegasus data would predict. The topic of meteoroid penetration should be 
reassessed with the view that past effwts mi^t require extension. Such a program would help 
not onfy the thermal power systems but also heat rejection from the power processors for 
photovoltaics as well as the photovoltaic arrays themselves. 

The nature and scale of SPS are sufficiently different from those of other space power 
systems that technology specific to SPS is required. Detailed studies of radiator design are 
required in order to define both "optimum" radiator designs and crucial problems limiting those 
concepts. The selectiwi of materials and the known properties of these materials should be 
appraised, l echniques should be evolved for compacting the radiators for launch and for erecting 
them in space. Concepts for foldable pipes (such as in NASA TM X-1187) should be evaluated in 
conr.petition with rotating seals and weldable joints for use in erecting the radiators. Concepts for 
fabricating radiators in space should also be studied as ways to provide great compactness of 
radiators during launch; as an extension of this, leak detection and repair should also be studied as 
means of providing highly reliable but li^tweight radiators. 

Heat pipes have for a long time been considered as the principal mechanism for distributing 
waste heat throughout the radiator's radiating surface. The weight reduction that accompanies 
segmentation of the radiator is the crucial reason (English and Guentert, "Segmenting of 
Radiators for Meteoroid Protection," ARS Journal 1162-4 (1961)). In such a radiator, the 
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balance between cycle efficiency and radiator mass thus forms a central design problem for SPS 
systems. 

In most d«!signs the radiator is composed of a vast array of heat pipes and radiator tubes 
throu^ which flows the working fluid. The tubes must be sufficiently massive to minimiEe 
micro-meteoroid penetration; in addition, transport of the fluid over large distances is required. 
Radiator mass and the thermal management system in such designs comprise a large fracticwi of 
the total SPS mass. 

The development of heat pipe technology has continued to advance since the thermal cycles 
were deemphasized several years ago. .-Uso new data has shown that the model used to evaluate 
meteoroid penetraticwi is probably too severe; therefore, the header tube and heat pipe model 
should be reevaluated. 

Despite the crucial impacts that the radiator has on both we%ht and reliability of large 
therrr'il power systems, the technology for such radiators has received very Mttle attention. In 
the discussicm tnat follows, radiators will be considered in terms of near-term technology and 
advanced concepts. 

3.5.1 Near-Term Technology 

Conventional radiators use a circulating fluid (whether liquid or vapor and whether 
circulated by pumps or by capillary forces) to transport heut throughout the radiator. Such 
coolant passages are armored so as to protect against m.eteoroid penetration and segmented into 
multiple channels so as to tolerate meteoroid penetration whenever it does occur. 

Primary and secondary coolant streams are also considered occasionally. Tne primary 
streams v.ould be heavily armored and would do the prineipai job of distributing heat throughout 
the radiator's area. The waste heat from each primary stream would be transferred to multiple 
secondary streams, and from those secondary streams, the heat would be conducted along solid 
fins that would then radiate the heat to space. The segmenting of the primary stream into 
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miiltiple streams and thence to fins are all intended to decrease vulnerability to meteoroid 
penetration, to reduce radiator weight and to increase reliaoility. The design of radiators for SPS 
will depoid not on just the techniques for design but also on the constituent technologies on which 
the design techniques are based. 

3.5.2 Constituent Technok^es 

Meteoroid-penetratiai criteria are crucial to design of lightwe^ht, reliable radiators. The 
validity of the data from Pegasus has been questioned because the actual experience in space 
differs from what the Pegasus data would predict. The topic of meteoroid penetration should be 
reassessed witti the view that past effm*ts might require extension. Such a program would help 
not only the thermal power systems but also heat rejection from the power processors for 
[rfiotovoltaics as well as the photovoltaic arrays themselves. 

The nature and scale of SPS are sufficiently different from those of other space power 
systems that technology specific to SPS is required. Detailed studies of radiator design are 
required in order to define both "optimum" radiator designs and crucial problems limiting those 
concepts. The selectiwi of materials and the known properties of these materials should be 
appraised. Techniques should be evolved for compacting the radiators for launch and for erecting 
them in i^ace. Concepts for foldable pipes (such as in NASA TM X-1187) should be evaluated in 
competition with rotating seals and weldable joints for use in erecting the radiators. Concepts for 
fabricating radiators in space should also be studied as ways to provide great compactness of 
radiators during launch; as an extension of this, leak detection and repair should also be studied as 
means of providing highly reliable but lightweight radiators. 

Heat pipes have for a long time been considered as the principal mechanism for distributing 
waste heat throughout the radiator's radiating surface. The weight reduction that accompanies 
segmentation of the radiator is the crucial reason (English and Guentert, "Segmenting of 
Radiators for Meteoroid Protection," ARS Journal 1162-4 (1961)). In such a radiator, the 
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heat-pipe circuits range from very long runs, in order to transput heat to the farthest reaches of 
the radiator, to very short runs that simply convey the already-distributed heat to the radiatii^ 
surface itself and are occasionally called "vapor -chamber fins." Over this range of application, 
the requirements imposed on the heat pipes differ considerably. The long runs require the ability 
to transfer large amounts of heat in the vapor phase through a duct of a given cross-sectional 
area. The vapor-chamber fins require low vapor pressure and low liquid density in order that the 
vapor chamber might be as light as possible per unit of surface area. The wide range of operating 
temperatures also affects selection of working fluid and containing materiaL The Bray ton cycle 
presents a special problem in radiator design for use of heat pipes inasmuch as the waste heat is 
to be rejected over such a wide temperature rai^e even within a sir^le power system; on the 
other hand, this wide temperature range produces for the Brayton system the lowest fluid flow 
and inventory for those conc^ts using pumped liquid circuits for heat rejection. Further 
investigation of heat pipes for radiators over this range of conditions is required. 

3.5.3 Radiator Design 

A given radiator design is based on an actual or assumed state of constituent technologies 
and on a given set of constraints, such as volume available in the launch vehicle. It's time to 
reconsider radiator design for the thermal power systems with the view of improving their weight, 
reliability and packaging for launch. Methods to cope with the wide range of heat-rejection 
temperatures from the Brayton cycle should receive special attention. The possibility of radiator 
fabrication in space should also be st udied. 

As the constituent technologies advance, the radiator-design studies should be reviewed and 
reassessed every two or three years. 


3.5.4 Advanced Concepts (Dust and Liquid Drop Radiators) 


3.5.4.1 Dust Radiators 

An entirely different approach to the radiator problem may yield significantly improved 
designs. This particular approach is based on the fact that small particles can have almost 
unlimited ratios of area to mass since the ratio is inversely proportional to the size of the 
particle. Such "dust” particles could then be very efficient radiators. The particles are heated in 
a container and projected in a stream to be caught by another container and reheated, thrown 
again, etc. While the particles are traveling from one container to the next, they cool, losing 
their heat by radiation. 

A highly simplified analysis of this concept has recently been developed. In this analysis it 
is assumed that the mass/unit exit area of the chamber is a given number, that the kinetic energy 
of each particle is 0.5 percent of the amount of heat lost by the particle in its flight, that the 
amount of particles inside the chamber are about 20% of the particles in the stream, and that the 
number density of the particles in the stream is such that only about one-half of the solid angle 
seen by the particles in the flow of the stream is blocked by other particles. 

3.5.4.2 Liquid Drop Radiators 

It is proposed in addition that a stream of liquid metal droplets about .1 mm in diameter be 
used as a radiator. This concept retains the low-mass advantages of a dust radiator, and has the 
additional advantages of allowing heat transfer by conduction in the heat exchanger and ease of 
manipulation. 

In particular, the generation of a uniform, coUimated stream of liquid drops is a 
well-developed technology, and collection and transport of the cooled drops (after radiating) 
appears to be a solvable problem. One rudimentary collection scheme is presented below and 
more efficient designs are doubtless possible. 
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A governing factor in design of a liquid droplet radiator is mass loss via evaporati<m. The 
mass required to replenish the evaporation must of course be included in the overall radiator mass 
for comparison with other radiator schemes. It has been found, however, that for a given radiator 
temperature rar^e, liquid metals exist for which evaporation loss for a 30 year SPS lifetime is 
sufficiently small that the liquid droplet radiator is still considerably lighter than a tube radiator. 

Fig. 3.5.1 shows a possible configuration for implementaticm of the liquid droplet radiator. 
The use of paired modules eliminates the need for a long return loop for the radiator liquid. The 
liquid absorbs the heat rejected by the working fluid in one module and is projected in a thin 
converging sheet toward the second module which collects the radiatively cooled liquid in. a 
rotating drum. The collected liquid absorbs heat from the thermal en^ne of this second module 
and is projected back to the first module to complete the loop. A sheet rather than conical 
configuration for the drop stream minimizes the solar radiation absorbed by the stream. 

Fig. 3.5.2 shows the principles of drop generation and collection. The generator is an array 
of holes or nozzles with provision for rapidly varying the pressure of the fluid (vibrator) to achieve 
a uniform drop size. This technique is weU established in the operation of ink-jet printers. The 
collector is a rotating drum so as to form the drop stream into a continuous liquid by centrifugal 
acceleration. Oniv modest rotation speeds are required to develop a sufficient head for the pump. 

The principal requirements for the radiating medium are a low melting temperature and low 
vapor pressure. Current SPS designs incorporate engines with rejection temperatures of 
700-1000°K (peak temperature for the liquid drop radiator) so a melting point in this range and 
below is desired to avoid the complications of manipulating solid particles. Of course, a lighter 
radiator may enable even lower rejection temperatures to increase thermal engine efficiency so 
that ideally the radiator medium should have as low a melting point as possible. Also the vapor 
pressure at the radiator temperature should be low enough to avoid excessive mass loss due to 
evaporation. 
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Initially, silicone fluids were investigated for this application due to their low vapor 
pressure. However, the stability of these fluids under repeated temperature cycling is question- 
able and liquid metals appear to be more attractive radiator media. 

Table 3.5.1 shows the relevant properties of some elemental liquid metals and Figure 3.5.3 
shows the vapo* pressures of these metals. Among these, gallium and indium have the lowest 
meltir^ points and also exhibit low vapor pressures. For large scale installations, these metals 
may be too rare, however, to be practical. Lithium may prove useful, due to its light weight and 
large heat capacity. Above 500°K, however, its vapor pressure is excessive. Tin appears to be 
the most practical radiator medium, as it has a small enough vapor pressure to be usable at 
1000°K and thus affords quite a wide operating temperature range from 505° to 1000°K. 
Aluminum's high melting point (933°K) restricts its use to a narrow range of high temperatures, 
while lead may be alloyed with tin to produce a low melting point eutectic (melting temperature 
460°K for a 60% tin mixture). A wide range of binary eutectics was investigated but the lead-tin 
mixture was the onty one among those having low vapor pressure components with a melting 
temperature appreciably below that of tin. 

The mass loss for these materials prove to be surprisingly low; this mass loss is plotted 
versus temperature in Figure 3.5.4. Also shown are the corresponding values for Lithium (with 
Tj= 453°K). The mass loss for tin is less than the mass of the liquid in the radiating slab for 

temperatures of 1000°K, for a thirty year life, while for lithium one is restricted to temperatures 

o “7 

below 550 K. A rule of thumb is that the vapor pressure should be less than 10 mm at the peak 

droplet temperature. 
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Table 3.5 .1 Properties of Liquid Metals 
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While conventional tube type radiators for space power systems typically weight 500- 
2000 kG per MW of radiated power, a liquid drop radiator is 10 times less massive. Since radiators 
comprise a large fraction (up to 40%) of the total SPS mass in conventional designs, liquid drop or 
dust radiators offer a enhancement of the feasibility of SPS thermal systems. Beet use of the low 
mass, significantly lower rejection temperatures are feasible with droplet radiators and thus the 
efficiency of SPS thermal engines may be markedly improved. It may even be possible, using, say, 
low melting point eutectics, to use steam Rankine cycles in space, heretofore impractical due to 
the low rejection temperatures. 

The technology for production of droplets is well established and the simple radiator 
configuration illustrated here offers at least a starting point for droplet collector designs. Also, 
fortunately, there exist liquid metals with low enough vapor pressures to be practical over 30 year 
SPS lifetimes. While the elementary analysis of the operation of a droplet or dust radiator 
presented here shows ti'e great promise of this concept, optimization and more detailed design is 
necessary to fully assess the potential of the droplet radiator. 


3.6 Conclusions 


AU the concepts (photovoltaic as weU as solar thermal) require substantial advances in 
technology in order that the goals set for SPS might be achieved. Because of this, none of the 
concepts has such low risk that it can be relied upon to the exclusion of others. Therefore, all the 
concepts competitive at this time should be supported until sufficient information is available to 
permit narrowing the choice. If arbitrary narrowing of the pre^ram is required by budget uy 
pressures, then prudence would require that the competitive concepts to be supported shou ;! > 
have a common question of feasibility such as radiation damage. 



72 


3.6.1 System Reliability 


Son!C mission planners incorrectly consider the solar-thermal power systems to have 
inherently a lower reliaoility than photovoltaic systems. This view stems from two basic 
viewpoints, viz., (a) the lower multiplicity of elements in solar-thermal systems compared with 
photovoltaic and (b) what is considered to be an inherently lim.ited life for rotating machinery. In 
fact, the number of power -generation modules for a solar-thermal version of SPS could readily be 
of the order of 100, a value !->igh enough to give the spacecraft very high reliability; an analysis of 
Uiis t jli ibi'ity issue is highly desirable in order to provide specific, definite information on this 
s;Li)iect us background for the mission planners. 

Con.'ider, fo; example, triat the reliability of each power-generating module is Cubo, 
.k' k ru gh there would theri be only one chance in 17C that all 100 power modules 'uould operate 
•vitnout. f'aduie, there is a>so only one chance in 35 that more than 9 wou'-’' keio Even in the 
comple’e absence of maintenance or repair, such a low failure ratu is . oadily compensated for by 


initially installing iOib excess capacity. .And with that 10% allowance, there is only 1 chance in 
2000 that uv/W'er output 'tould .all below S5% of tno selected end-of -life P'-wer. 

Ev.:,i higher 'eilabi ity nutnuers could be realized, if that vverc ever necessary, simply by 
usir.g a larys" T/uruber of power modules, say, 1000 modules of 5-iO MW each- For a unit 
itiiaoPity of 0,95 ss befare, provisicn of only 8% excess capacity at mission stasr'i would yield 
'■■999 r liability of DroduCi.n(i rated epwer at the end-of-life and oi;iy me chance in a iniiiion that 
,.r;d-cf-!ife power would fall below 98.7% of the desired value. Fovver iluctueiions exceeding 
Mifise uui-iat'.on.s will result for every concept, including ph- huvoltaic, beeausa of varying 
iit'Tiosp'ieric attcpimtion cf the .microwave beam.) If maintenar*- e of SPS in geostationary orbit is 
praci • '1, thee even higher r dabilities can be achieved. The ;>gc-ola criticism of the reliability 
til dynamic pcw.m systems licoat'se they have lav; mutipiicity of elements is overcome by the 
i.eei male of Si’S. 


3.6.2 Design and Fabrication of Components 


The solar-thermal power systems raised issues in mission execution that remain largely 
unresolved, problems concemir^ the packing density of the components during launch and 
concerning constructicMi and maintenance in space. Inasmuch as these problems were defined in 
the SPS mission studies, now is the time for the component-design specialists to study how the 
compcHients might be designed and built so as to overcome these problems. The approach should 
be iterative with first the component-design specialists attempting to relieve the foreseen 
problems, and then the mission analysts should evaluate the impact of the proposed solution on the 
overall performance of the resulting SPS. Several such iterations should produce design concepts 
for SPS significantly superior to those now in hand. 

3.6.3 Solar Concentrators and Receivers 

Lightweight high-performance focussing solar collectors are common to all the 
solar-thermal systems as are the solar heat receivers that absorb this heat and transfer it to the 
working fluid. For the receivers, the state of the art is still rather primitive and considerable 
effort on design and experimental evaluation of concepts is required. Such an effort would focus 
on achieving low weight, high cycle temperature, good thermal efficiency and resistance to 
thermal shock on entering and leaving the Earth's shadow. 

Low weight was achieved in the receiver concept for the alkali -metal Rankine systems by 
exploiting the high-flux capabilities of the alkali metals. The receiver for the Brayton systems 
was considerably heavier because of the lower heat fluxes achievable by gas-cooling the receiver. 
Some investigation of Brayton receivers is required to explore the feasibility of reducing receiver 
weight through use of flowing alkali metal as the heat-transfer medium for cooling the receiver 
and heating the Brayton's gaseous working fluid. 


3.6.4 High Temperature Materials 


Kxisting technology of refractory metals (chiefly tantalum alloys) is such that either 
Brayton or alkali- Rankins systems could be developed for peak cycle temperatures of 1SOO°K 
(2250°F). A limited amount of data on refractory metals shOTVs that higher temperatures up to 
perhaps 1600°K (2400®F) may also be practical. Molybdenum alloys appear to be competitive in 
strength with and to have only 60% of the density of tantalum, but not many molybdenum alloys 
!’:3ve been developed, nor have techniques been evolved for fabricating receivers, heat exchangers, 
or turbines of this metal. On the other hand, the molybdenum alloy TZM has been creep tested 
for periods exceeding ^ years at 1350°K (2000°F) and 1400 MPa (20000 psi), and moly-alioy 
uiraine t)lados have beer tested in turbines operating on potassium vapor for a total of lOOCO 
Hours without encountering basic problems. 

On. the casts of existing data on materials, ceramics might permit ever h'ghc’ temperatures 
for Brayion systems, but no effort has gone into their investigation for SPS. ARPA invested over 
$30 Tiihirit Ti cu ramie materials for gas turbines, and very substantial advances in material 
properties and ir. kr.ov/Iedg? of how to use these materials v;ere evolved. On the basis of material 
i>ropert?es alone, ceramics are suitable for use at temperatures of at least i6;;0^o (2oOO°F). 
Because of ou; .-uccess this materials program, the Department of Energy has begun a program 
for US ' of ceramics in autemotivs gas-turbine (Bray ton -cycle'/ engines; the projected value 

r-i :he current program is about $15C rr.iilion. Some effort in the SrS program should focus on 
adaptation of ’his rapidly-froving technology to SPS. 

Because ladiators for both Brayton and Rankine system' a substantial portion of total 
system mass tnd boe.ause the potential for meteoroid De/ietrahon of their fluid passages tends to 
degrade system performance with operating time, substantial effort is required or; the design of 
this critical component in order that we might achieve low mass and high reliability. Advanced, 
novel concepts in I’ddiator design are considered in this report as well as tlie teciinoiogy for more 
conventional radiatois that can be folded and packaged for launching and then ercc..ed or deployed 
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in space. Exploitation of man in space for radiator assembly, erection and maintenance has 
received only cursory attention. 

A seldom recognized advantage of the dynamic power systems (whether Rankine or Brayton) 
is that they produce power in a highly usable form that greatly simplifies the problems of power 
processing. Their output power will be AC with a frequency of a kilohertz or two and a potential 
of a few kilovolts. This pov;er would also be regulated as to frequency and voltage. The energy 
losses in and the heat rejection from the power processor are thereby much reduced. The 
generators or motors can also handle significant amounts of reactive power, if that is desired. 

Table 3.5.5 is a proposed GBED for solar thermal SPS system. 
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4. ELECTRIC POWER DISTRIBUTION PROCESSING AND POWER MANAGEMENT 


The economic practicality of the SPS is greatly affected by the tens of thousands of kilovolt 
operaticm that is necessary to operate the power transmitters directly from the solar array or via 
power processors, and which is also required to minimize the weight of the power conductors and 
ultimately the transportaticm cost. 

The technical feasibility of the SPS will depend on the technology readiness of techniques, 
components and equipment to reliably distribute, process and interrupt hundreds of megawatts of 
power at tens of thousands of kilovolts. The combined requirements of dissipating concentrated 
heat and preventing breakdowns due to corona in the insulating materials or arc overs due to 
plasma discharges are much more severe in space, that is, in the absence of the insulating and 
thermal transfer properties of air, them in similar high power and high voltage ground applications. 

The technical feasibility of the proposed SPS power distribution and processing concepts 
hinges on the successful realization of high power kilovolt ultrafast protection switches (one 
circuit breaker for each high voltage; 600,000 per SPS for the klystron concept) required to 
protect the transmitter tubes for the normally occurring tube arcs. 

4.1 Power Distribution System Configuration 

The approach suggested by the study contractors is to combine the output of solar array 
sections and then redistribute it to load centers that individually account for between 0.5 and 3% 
of the total transmitter load power. 

Consideration shall be given, through SPS system studies updating, to enhance system 
reliability and to limit the rating of the powe^* distribution and processing equipment that need to 
be developed by having each of the load centers powered from separate solrr arrays and power 
distribution channels. 
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Separate solar array sections should also be considered for recharging of the energy storage 
elements and to power the other spacecraft subsystems. AC distribution shall be carried on as an 
option until the economic practicality of the high power tens of kilovolts, fast response, DC 
transmitter tube protection switches has been established. 

4.2 Power Processing Equipment 

Requirements definition studies should be expanded to ascertain that t?ie weight and 
efficiency tstimates of the proposed power processing and protection equipnsnt are based on 
requirements that are sufficiently complete so as to preclude gross errors in the predicted SPS 
'veight and cost estimates and to insure that the technology? development effort required tc bridge 
che gap between the present and predicted state of the art is properly defined ar'’’ scoped. Of 
particular conce?'p are undefined requirements regarding grounos 'solaticn; EMC, cathode to body 
voitjige ripple, and tube arcing energy linr ung protection requir j’r,ents as ’-veil as a closer 
approximation of the voltage and current ree uirements of the various depressed coRectors of the 
iransrnrtter tube (substantially different requirements were assumed by the two SPS study 
eon trac to rs). 

investigations and laboratory experimentation ' hould be carried out to demonstrate the 
icasibiiity of the predicted ef‘‘ielency and specific weight. 

1 2.1 The Technology Re a diness of Power P roc essing 

The lot.;] weight of the Satellite Power Sp'stem is p-oivCted to be about o5 to 50 x lO'^ 
.<i!ogra.ns fo'’ a W system (with 8GW of power input to the trausmitters). This corresponds to a 
specific povver density of 4-6 ,cg/i;r of processeu power. This projected weight appears to 
correspond to a systarn which will be potentially comoeative with future ground based power 
systems. However, present ae.’ospace power processing technology corresponds to a power density 
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of the order of 10 kg/kw. Thus the power processing alone, using present technology, weiglis morr 
than the total projected system. In addition, present technology will not perform the functions 
required. 

It seems clear therefore that a major effort in power processing technology development is 
necessary to make future satellite power systems first, technically feasible, and second, 
economically viable. 

4.2.2 Power Processing Equipment 

Requirement definition studies, the conceptual design, and weight and efficiency estimates 
should be updated. Scaled down feasibility test models can be utilized to demonstrate high 
voltage generation and thermal control, specific weight, and eff'ciency 

4.3 Po wer Distribution and Processing Components 

Necessary technology developments required to advance the state of the art so as to make 
the SPS concepts technically feasible. 

4.3.1 Switch Gear 

Three major categories of .-.witch gear have been identified by ,.o:.':,?-,tor study as required 
for SPS operation. These are: 

a. Fifty kV, 200-1000 A solar array module switch 

b. Fifty kV, 5-10 KA main line switch 

c. Fifty kV, 1-10 A high speed (5-10 msec and 5-10 sec) switch 

Present aerospace technology provides switch gear capaole of switching voltages in the area of 28 
to 300V, handling power levels of 25 kW and having ope'’at'on times to 20 milliseconds. It is 
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therefore obvious that present technology falls far below the SPS requirements. Without vast 
improvements in this important technology, the power distribution, processing and management 
concepts of the SPS cannot be implemented and the survival of the normally arcing transmitter 
tubes cannot be insured. 

4. 3. 1.1 High Power/High Voltage Switchgear Development Plan 

Requirement definition studies, conceptual designs and weight estimates should be updated. 
Feasibility test models can be utilized to demonstrate high voltage operation, ultrafast overload 
protection times, and specific weights 

4,3.2 Power Device Development 

Power electronic devices form the building blocks for switch gear ord -c/ae converters and 
inverters nnd as such are critical to high performance systems like the SPS. SFS will require new 
develomoent in areas ofr 

a. Transformers 

b. Inductors 

c. Capacitors 
fi. Dirdes 

e. SCR's 

for operation at 40 kV and ulirahigh power. Present technoio:]'. is not available for devices 
operatit'ig at tno ‘IPS inquired power levels. Therefore, v itl.jjt new development to these 

required perforniance criteria, switch gear and power processin''; goals will not be met. 
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4.3.3 Power Transmission 


SPS requires transmission of extremely large current (lOkA) at potentials of 50 kV over 
distances of tens of kilometers. Therefore, developments in the areas of; 

a. Conductor joining techniques 

b. Supports (insulators and stand offs) 

c. Surface treatment for heat transfer 

d. Equipment/transmission line connectors 

are necessary for practical power transmission. The : J re quirements are several orders of 

magnitude more difficult than present aerospace systems. 

Without weight, transmission efficiency and arc protection improvements in these recom- 
mended areas of development the SPS will not be able to meet the combined goals of technical 
feasibility and economic viability. 

If adequate consideration is not given the total power transmission system, catastrophic 
damage may occur to the equipment on SPS. 

4.3.4 Rotary Joints 

There are two main rotary joints on SPS. The contractor studies indicate that one joint will 
require a slip ring, which is 10-15 m in diameter, and the other will require a power cable that can 
be flexed plus or minus 15°. 

It is anticipated that the problems with rotary joints are solvable provided proper attention 
is given to them early in the SPS program. Consideration shall be given to the use of small ring 
diameters (1-2 meters) so that the bearings drive mechanisms, fabrication techniques, and other 
associated problems become easier to manage. 

There is the need to develop ring and brush materials that can be operated at high contact 
temperatures (200°C). Also brush materials capable of higher current densities than those 
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proposed by the contractor (7.5 A/Cm ) are needed. Consideration will be given to the problem of 
current distribution when multiple brushes are used on the same ring carrying very hig^ currents. 

Additional defintion of the flex cable configui ation is r^>^uired. While the angular 
displacement is only plus or minus 15 de»re*^s, the mechanical properties of this system must be 
determined, i.e., fatigue of large diameter conductors, mechanical interactions, etc. 

4.4 Space Craft Charging and Plasma Interactio ns 

The geostationary orbit plasma environment presents special hazards to spacecraf . designers 
because of the presence of the dence, high temperature plasma associated with the plasma-sheet 
Plasma sheet electrons may charge up the satellite to high voltages (of the order of 10 KV). 
These high voltages may cause breakdown (arcing), damage to components, changes in reflective 
or thermal control surfaces and possibly shock hazards for EVA and docking activites. Adequate 
protection techniques have been established for low voltage satellites so that communication 
satelites have now been built which operate at GEO with no problem. 

An associated problem to spacecraft charging is that the ambient space plasma and 
piiotoelectrons enter the solar cell array and form a parasitic load. 

The voltage that the solar cell array develop:, attracts plasma ions and electrons to it 
causing a voltage drop (IR drop) across the cover glass or substrate or blanket support material. 
Laboratory tests at Lewis Research Center and Johnson Space Center indicate that large surfaces 
held at positive or negative high voltages tend to arc. 

The Marshall Space Flight Center contracted with Rice University for a small study of the 
space plasma effects on an early Rockwell International SPS design. This study recommended 
several design modifications and concluded that, with these modifications SPS operation at GEO 
was probably possible. However, the study stipulated that laboratory and flight tes" ' ^ of specific 
solar cell arrays operating at high voltage are necessary for a definitive conclusion. This study 
has not addressed the latest SPS designs using epoxy-graphite composite structures. 
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The Rice study did not address the separate question of high voltage protection for the high 
voltages generated by the solar cells themselves and throughout the entire system. The high 
voltage question Is critical to the SPS concept for two reasons: First, the large satellite 

dimensions require power transfer at high voltage to minimize 1 R losses in ^he bus bars; second, 
the use of either klystrons or magnetrons requires high voltages at the device. The solid state 
sandwich concept is the only SPS concept considered extensively to date which can operate 
entirely at low voltages. 

It is necessary to establish whether or not high voltage (40 KV) solar cell arrays are feasible 
at GEO on the SPS size scale. There are two parts to this problem, namely, the space plasma 
interacti'^n question and the design of the system itself to withstand its own high voltage stresses. 

The investigation should include a theoretical analysis, possibly computer modeling of the 
spacecraft fields, labOTatory tests of some realistic, arcing protected, solar cell arrays and power 
distribution devices in a substorm plasma simulator and eventually flight tests in the geostation- 
ary orbit. A pi^fy back ride on another mission to GEO might be possible. 

Flight tests should be conducted at LEO to determine the high voltage levels a representa- 
tive solar array and power distribution devices can tolerate in the LEO environment for use on the 
EOTV. 


4.5 Energy Storage 

The objective is to provide power to various SPS components at times when the array is not 
producing power such as during earth shadov; portions of the orbit or shut-down for maintenance. 
The major portion of this power is needed in the form of thermal energy, i.e., to keep klystron 
heaters warm (for added life) if klystrons are used to produce the RF power. 

The approach suggested by the study contractors was to use batteries or fuel cells. These 
are straightforward means for providing energy storage. However, the projected requirement of 
ig) to 40 MW-hrs of energy will require the battery or fuel cell system to have a high energy 
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density. Today's best battery technology for synchronous orbit application can be credited to the 
nickel-hydrogen system with an energy density of 33 W-hr/kg and is projected to reach 66 W-hrAg 
with a high confidence level. New battery technology such as the molten salt systems being 
funded by the DOE for transportation vehicles are also being considered as the next generation 
space battery. Specific energy estimates for these batteries range from 110 W-hr/kg (Air Force) 
to 200 W^ir/kg (SPS study contractors). If the requirement of 40 MW^irs is realistic and if 200 W- 
hrs/kg is achievable, then 400,000 Kg per SPS system can be saved by supporting the molten salt 
battery for space application. In concert with using the molten salt battery, thermal management 
becomes very important. Good thermal management techniques would allow the use of parasitic 
thermal power to keep the electrolyte hot rather than increasing the solar array size to provide 
the battery heat. 

Another approach to providing thermal power to the klystron heaters is to conceive of a way 
to use heal pipes (that are now used to cool the klystrons) coupled with a fused salt thermal 
energy storage capsule that melts the salt during normal operatiori and freezes the salt, giving up 
heat to the klystron heater during the time the klystron is not being powered. These thermal 
energy storage/heat pipe concepts are demostrating 100 W-hr/kg in the lab<x*atory with today's 
technology and are projected to reach 220 W-hr/kg. 

The molten salt electrolyte battery should be designed for space application, cells built and 
completely characterized. Also, of interest is the corrosion effects associated with the molten 
salt system that could seriously reduce operational life of the battery. 

Likewise if klystrons continue to be the primary means for RF power generation, a titudy 
effort is needed to determine if a thermal energy storage/heat r ipe configuration mr^kes sense as 
a means for providing the heat needed by the klystron heater during non-powered periods. Should 
the concept appear feasible, an effort should be initiated to build and test the combined unit to 
prove the concept. 
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Hie develc^mmit plan involve conductii^ power management s^tem (PMS) conceptual 
diadgn studies to scope the functions and hardware implemeitation of the PMS including 
<tevti(^meit of the sensors curating at high voltages and of the fiber optics need^ for analog 
and digitel data transfer and Uiterfaeu^ with h^ voltage equipmeit. 

The digital interface units and remote terminal unite that will become part of the various 
power distrflMitiotffi, power proc^ii^, ^ergy storage and thermal cMitrol equipmmt should be 
defined to facilitate their integrati<m into the PMS and SPS. 

The PMS of the SPS is required to fulfill the functions of m<Hiitoring the quality of critical 
electric power system parameters, the state and pwformance of Important power distribution, 
power processing, energy storage and thermal control equipm«it and take corrective action in 
case of out-of-tolerance performance ot malfunctions, hi addition it has to protect the power 
system elements against destructive overloads, provide protection and recylcing to arcing 
transmittv tubes and insure safe access of maintenance operations. 

The PMS also assists in adjusting the delivered power by the rectenna to the varying load 
demands of the electric power utility, by adjusting the voltages to the transmitter tubes or by 
turning off the power to select antenna load centers. 

These ta^ are performed by gathering data through various types of s^isors, analyzing 
status and trends, predicting electric power generation and geneiating reconfiguration decisions 
by means of the electric power system (EPS) (tata processor. 

The EPS data process^ interfaces with the electric power distribution and processing 
system elements through a data bus and remote interface units. Data transmission is accom- 
plished via fibtf optics whidi allows the use of high data rates, provides inherent protection 
against short circuits to ground and allows optical data transfer across rotary joints. 
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